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SECTION I

INTRODUCTION

Spectrometric oil analysis programs for determining wear metals in used

aircraft turbine engine lubricants have been used for over 25 years for

detecting those engines experiencing abnormal wear and the removal of those

engines from service prior to catastrophic failure. Many different methods

and techniques have been developed and used for monitoring the wear metals in

used lubricants depending on such factors as the type equipment being

monitored, monitoring organization, equipment usage, etc. Also during the

past 25 years many reports and papers have been published on the success (or

failure) of the various monitoring techniques and programs and as such a

detailed discussion of lubricant monitoring will not be given in this report

unless a specific technique is related to the objective of the test program.

current Army, Navy and Air Force procedures employ the analysis of the

wear metals in used aircraft and other engine oils to detect abnormal

operating engines. These procedures are known as the Spectroamtric Oil

Analysis Program (SOAP). The joint oil analysis program for the Army, Navy

and Air Force is known as JOAP. The program requires lubricant samples to be

periodically taken from engines and analyzed in a laboratory for various wear

metal concentrations. Abnormal operating engines are identified by the level

and/or rate of change in specific wear metal concentrations.

The two instruments currently used for conducting oil analyses are the

rotating disk electrode atomic emission spectrometer (AK) and the flame

atomic absorption spectrometer (AA). Studies have shown that the wear metal

analyses of these techniques are particle size dependent and the analyses of



the AM are affected by the type of lubricant. However, through establishing

different wear metal trending guidelines and threshold values for each

instrument, both monitoring techniques have been used reasonably successfully

by SOAP to detect abnormal operating engines prior to component failure.

Due to different types and degrees of wear and metal failure, the

generated wear particles associated with failure may range from submicron to

millimeters in size. For many years oil filters were used having nominal

filtration capabilities of 35 to 50 microns and in some cases much greater

than 50 microns. In recent years wfinerw filtration has been izvestigated

for the purpose of inhibiting secondary wear caused by the primary or initial

wear particles and external contamination. Currently, finer filters are

often used and ones having ratings of 3>200 are being considered for use or

are actually used in aircraft turbine engine lubricatioL systems. A 3>200

rating means that no more than 1 particle in 200 hb ag sizes greater than 3

microns will pass through the filter. These Ofine' filtration filters have

the potential of greatly reducing the metal content of SOAP samples and

current techniques for oil analyses may prove unsatisfactory for use in

monitoring turbine engines equipped with these filters.

The objective of this investigation was an evaluation and comparative

analysis of the currently used AZ and AA techniques with various wear metal

analysis techniques such as inductively coupled plasma (ICP) spectrometry,

direct coupled plasma (DCP) spectrometry, graphite furnace atomic absorption

(PMA), ferrography and particle size distribution using the acid dissolution

method (ADM). The effect of 3 micron filtration on the analysis capability

of the various methods was investigated using a test rig equipped with a 3

micron operational "in-depthw type oil filter and using parameters of

pressures, temperatures and flow rates typical of operating turbine engines.
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This investigation also included studies relating to ICP sample introduction

system, overloading of ICP sources, and the use of different diluents for

improving ICP analyses.



SECTION II

TEST EQUIPMENT AND PROCEDURES

1. MICROFILTRATION TEST RIG

A detailed description of the microfiltration test rig (MFR) has been

previously reported (Ref. 2) and only a brief description of the test rig and

filter will be given in this report. The test rig consists mainly of a 5

gallon capacity conical bottom oil reservoir, a constant speed gear pump for

oil circulation and a 3/4 inch stainless steel oil circulation system

incorporating a turbine flow meter, in-line thermocouples and pressure

transducers and a pressure relief valve. A 7 gallon seamless stainless steel

container is used for collecting the fluid after passing through the filter.

A small scavenger gear pump is used for transferring the filtered fluid back

into the oil reservoir for subsequent passes through the filter. The test

fluid can be circulated in a by-pass mode prior to filtering for obtaining an

uniform (mixed) sample. An *upstream" filter sample can be taken either from

the oil reservoir or sampling port while the filtered sample is obtained

immediately after filtering from the 7 gallon collection container using a

precleaned vacuum flask.

The nomenclature for identifying samples obtained during the filtration

study of a test fluid incorporates the test fluid number, the filter pass

number (A thru D) and whether it is a pre-filter (1) or post-filter (2)

sample. For example the following samples were obtained during filtration

testing of test fluid No. 6.



Sample Identification Description of Sample

MFR-6-A-I Test Fluid No. 6, First pass, Pre-filter
-6-A-2 Test Fluid No. 6, First pass, Post-filter
-6-B-1 Test Fluid No. 6, Second pass, Pre-filter
-6-B-2 Test Fluid No. 6, Second pass, Post-filter
-6-C-1 Test Fluid No. 6, Third Pass, Pre-filter
-6-C-2 Test Fluid No. 6, Third Pass, Post-filter
-6-D-1 Test Fluid No. 6, Fourth Pass, Pre-filter
-6-D-2 Test Fluid No. 6, Fourth Pass, Post-filter

Some filtration tests involved only 3 passes through the test rig due to

the high efficiency of the 3 micron filter in removing debris. The test rig

is cleaned by using new MIL-L-7808 or MIL-L-23699 lubricant and a "clean-up'

3 micron filter. A new filter is used for each test.

The filter elements (3 micron absolute, 83>200) were operational type

"in-depthw elements made of Ultipor resin impregnated organic and inorganic

fibers capable of withstanding temperatures in the range of -650F to 3500F.

The pressure drop across the filter at a rated flow of 4 GPM is 4 psi at

100°F and has an element collapse differential pressure of 100 psi.

Prior to the filtration studies the amount of wear generated by the two

gear pumps was investigated using iron analyses (AE and ADM) and ferrography

(Ref. 1). This investigation showed that a very small amount of wear debris

was generated by the pumps and was of such a small quantity that the debris

would not interfere with the filtration studies.

2. WEAR METAL ANALYSIS TECHNIQUES

a. Atomic Emission Spectroscopy (AE)

Two different atomic emission spectrometers were used for determining

the trace metal concentrations of the various samples. Analyses were

conducted on all the samples by an Air Force SOAP Laboratory using the Baird

A/335U-3 spectrometer and by UDRI personnel using the Jarrell Ash Model 44181

6



(Atom-Comp) atomic emission spectrometer. Both instruments employ a rotating

disk lower electrode, no sample dilution, AC spark excitation, multi-element

simultaneous analysis, data reporting and each using SOAP oil standards R-19

for instrument calibration. The wavelengths used by the RDE spectrometers

are listed in Table 1. Normal SOAP procedures were used during the operation

of both spectrometers.

b. Atomic Absorption Spectrophotometry (AA)

Trace element concentrations of the samples were made using a

Perkin-Elmer Model 3030 and an Analyte Model 16 atomic absorption

spectrophotometer. The Perkin-Elmer Model 3030 is a single element mode

instrument and only iron determinations were conducted on this instrument

since iron was the most prevelant metal present in most of the samples.

These analyses were made using a 1 part sample to 4 parts methylisobutyl

ketone dilution (by weight), nitrous oxide-acetylene flame, and 1:4 diluted

SOAP oil standards for instrument calibration.

The Analyte Model 16 atomic absorption spectrophotometer is a

multi-element sequential instrument. Analyses were conducted by Analyte

Corp. using a dilution of 1 part sample and 4 parts (by weight) kerosene,

nitrous oxide-acetylene flame and 1 to 4 diluted SOAP standards.

c. Inductively Coupled Plasma Spectrometry (ICP)

Two different inductively coupled plasma spectrometers were used in

this study. Analyses were conducted by UDRI personnel using a Jarrell-Ash

Model ICAP-60 ICP instrument. These analyses were made using I part sample

and 9 parts kerosene dilution, spray nebulizer using argon gas, multi-element

simultaneous analysis and 1 to 9 diluted SOAP standards for calibration. ICP

analyses were also conducted by Baird Atomic Corp. using their Model PST/ICP

spectrometer incorporating an automatic sampling attachment. These analyses

7



TABLE 1

WAVELENGTHS (A) USED BY ATOMIC EMISSION SPECTROMETERS

Jarrell Baird Baird Jarrell Applied Research
Ash Atomic Atomic Ash Lab
ICP ICP A/E35U-3 RDE DCP

Ag 3281 3218 3281 3281 3281

Al 3082 3944 3081 3961 3082

Cr 2677 2677 4254 2677 2677

Cu 3247 3247 3247 3247 3247

Fe 2599 2599 2599 2599 2599

Mg 2795 2803 2803 2795 2803

Ni 2316 3415 3415 3415 2316

Pb 2203 2833 2833 2833 2833

Si 2881 2516 2516 2881 2516

Sn 2839 3034 3175 3175 3034

Ti 3349 3349 3349 3349 3234

RDE - Rotating Disk Electrode

8



were made using 1 part sample and 5 parts kerosene dilution, spray nebulizer

using argon gas, multi-element simultaneous analysis and using 1 to 5 diluted

SOAP standards for calibration. The wavelengths used by the ICP

spectrometers are listed in Table 1.

d. Direct Current Plasma Spectrometry (DCP)

The direct current plasma spectrometric analyses were conducted by

Applied Research Laboratories (ARL) using their Spectraspan VB Spectrometer.

These analyses were made using 1 part sample and 4 parts kerosene dilution,

spray nebulizer using argon gas, multi-element simultaneous analysis and

diluted SOAP standards for calibration. Wavelengths used for DCP analyses

are listed in Table 1.

e. Portable Wear Metal Analyzer (PUMA)

The portable wear metal analyzer is a graphite furnace atomic

absorption spectrophotometer. The PUMA is a microprocessor controlled

automatic sequential multielement instrument that will analyze for nine

elements (re, Cu, Al, Cr, Ag, Mg, Ni, Si and Ti) using electrothermal element

excitation. Analyses made with the PUMA required no dilution. Conostan

Standards in MIL-L-7808 lubricant were used for calibration.

f. Acid Dissolution Method (ADM)

The Acid Dissolution Method has been previously reported in detail

(Ref. 2) and only a brief summary of the method will be given in this report.

The appropriate amount of sample is combined with a HNO 3/HCL (1:3 by volume)
3

acid mixture and hand shaken for 10 seconds. The mixture is then agitated in

an ultrasonic bath for 5 minutes at 400C (650C if Mo analysis is required).

The mixture is then diluted with Neodol-MIBK solvent for selected wear metal

analysis using the Perkin-Elmer Instrument 3030 AA or with Neodol-Kerosene

for multielemental analysis using the Jarrell Ash 44181 ICP instrument.

9



g. Particle Size Distribution Measurements (PSD)

Particle size distribution of iron wear debris was determined using a

microfiltration technique. Aliquots of the sample were filtered through 12-,

8-, 5-, 3-, 2-, 1- and 0.4-micrometer Nuclepore membrane filters. The

filtrate was then analyzed for iron by the ADM using the Perkin-Elmer Model

3030 Ah Spec-rophotometer.

h. Ferrography

Ferrography is a technique that uses magnetic separation and

collection of wear debris (primarily iron) from lubricating fluids for the

subsequent evaluation of the debris with respect to the amount and morphology

(particle size, shape, source or type wear, etc) of the debris (Ref. 1). Two

types of ferrographs can be used for the evaluation of wear debris in

lubricant samples. one is the analytical ferrograph which involves

depositing the debris onto a glass slide and subsequent microscopic

evaluation as to particle morphology and densitometer measurements. The

densitometer measurements provide a relative concentration of the various

size particles deposited down the slide from which the ratio of large (L) to

small (S) particles can be calculated. The other type ferrograph was the

direct reading ferrograph where "large" and "small" particle measurements are

made by the ferrograph itself. However, with the direct reading ferrograph,

microscopic examination of the particles is not possible. All ferrograph

analyses referenced in this report were conducted on the Analytical

Ferrograph.

10



SECTION III

TEST LUBRICANTS

1. INTRODUCTION

The various type lubricant samples used in this investigation were

obtained from operational engines, laboratory prepared samples using new

lubricant blended with commercially purchased metallic powders and with new

lubricant blended with wear debris generated by a pin-on-disk wear test rig.

Some of the operational engine samples were obtained specifically for this

program while other samples were obtained from normal (Routine) and abnormal

(Failure and Hit) operating engines saved from a previous test program (Ref.

3). In all cases, the samples were newly shaken and sonicated prior to

analysis. Many of the samples consisted of such small volumes that only

limited analyses could be conducted before and after 3 micron membrane

filtration. In other cases, two or three samples were combined for providing

sufficient sample for microfiltration rig studies.

2. MICROFILTRATION RIG SAMPLES

A description of the samples obtained for microfiltration testing is

given in Table 2. Only 12 of the listed 23 samples were filtered using the

microfiltration rig due to the small quantity of some samples and low metal

content of other samples. Two microfiltration samples (MFR-18 and MFR-22)

were blends of three samples each to produce sufficient quanti;y for test rig

filtering.

11



TABLE 2

DESCRIPTION OF MICROFILTRATION TEST RIG FLUIDS

Test No. Description of Test Fluid

MFR-1 Six and one half gallons of MXL-L-7808
lubricant(Qualification No. 11E) blended
with 519 grams of 0-86-2 lubricant
containing 1200 ppm iron wear debris
generated by pin-on-disk wear testing of
0-86-2.

MFR-2 Oil from microfiltration Test No. 1 with
the addition of 1.2 grams of pin-on-disk
wear debris.

MFR-3 Three and one half gallons of used
MIL-L-7808 lubricant from a "test standm
J57 engine.

MFR-4 Four gallons of new MIL-L-23699 lubricant

blended with 1.1 grams of debris obtained
from "Engine Simulator" test rig.

MFR-5 Five gallons of used 10W30 weight automotive
lubricant.

MFR-6 Used MIL-L-23699 lubricant from T56 engine
gearboxes received from Pope AFS.

MFR-7 Five gallons of used MIL-L-7808 lubricant
from TF33 engines received from Wright-
Patterson AFB.

IUR-8 Five gallons of used lubricant from J85 and
T56 engines received from Randolph AFB.

MFR-9 Five gallons of used MIL-L-23699 lubricant
from T56 engine gearboxes received from
Pope AB.

MYR-10 Five Gallons of used MIL-L-23699 lubricant
from T56 engine gearboxes received from
Pope AB.
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MFR-11 Used lubricant from OH-58D (SN 83-24141)
Helicopter after 88.1 hours and received
from Fort Rucker Aviation Center.

MFR-12 Five gallons of lubricant from UH-1,
T53-L-13 engine received from Fort Rucker
Aviation Center.

MFR-13 Five gallons of used MIL-L-7808 lubricant
from Kelly AFB test cells.

MFR-14 Approximately 2 gallons of lubricant from
H-53 Helicopter (T64-GE-6B engine SN 154571)
received from Pensacola Naval Air Depot.

MFR-15 Five gallons of used oil from J69 and J85
engines received from Sheppard AFB

MFR-16 Approximately 75 mL used lubricant from
T-34E aircraft (PT-6A-25 engine). Sample
container broken in shipment. Received
from Pensacola Naval Air Depot.

MFR-17 Approximately 300 mL sample from intermediate
gearbox, H-3 Helicopter.

MFR-18 Blend of samples MFR-15, MFR-16 and MFR-17.

MFR-19 One gallon sample from intermediate gearbox
of H-53 Helicopter SN 154884.

MFR-20 One gallon sample from J85-GE-4 engine
SN 301350 from test cell, Pensacola Naval
Air Depot.

MFR-21 Five gallons of mixed used oil from
Randolph AFB.

MFR-22 Blend of samples MFR-19, MFR-20 and MFR-21.

MFR-23 Two gallon sample from TF34-GE-100 engine
having 4 ppm Cu reading and copper appearing
particles on oil filter. Received from Myrtle
Beach AFB.

3. USED OIL SAMPLES

In addition to the five gallon used oil samples passed through the

microfiltration rig, MIL-L-7808 and MIL-L-23699 used oil samples (10-40 mL in

13



size) obtained during a previous program were also studied. The used oil

samples were obtained from abnormal operating engines (H-Hits), high SOAP

readings (P-High) or from failed (F-Failure) T56, J85, J79, J69 and J57

aircraft gas turbine engines not detected by SOAP. Four MIL-L-23699 type

used oil samples were also obtained from the gas turbine engines of normal

operating Army and commercial helicopters and of normal operating Navy jet

aircraft. The used oil samples used for this study are described in Table 3.

To simulate microfiltration, 10-20 ml portions of the used oil samples

were passed through a 3 Pm Nucleopore membrane filter.

14



TABLE 3

DESCRIPTION OF SAMPLES USED FOR 3 MICRON
PORE SIZE MEMBRANE FILTRATION

Sample Type
No. Engine HSOC Sample History

H-54 J57 456 Soap Hit - High Fe
P-43 U Unknown High Fe Sample

H-13 989 Soap Hit - High Fe

H-66 J69 175 Soap Hit - High Fe, Cr, Pb

P-71 U 345 High Fe, Si

H-84 U 134 SOAP Hit - High Fe, Si

H-12 j79 305 SOAP Hit - High Fe, Cu

H-30 U 271 SOAP Hit - High Fe, Cu

H-67 U 393 SOAP Hit - High Fe, Cu

H-55 U 4 SOAP Hit - High Fe, Cu, Pb

P-81 U 9 High Fe
H-47 U 454 SOAP Hit - High Fe, Cu

P-110 J85 339 High Fe, Mg

P-111 Unknown High Fe, Cr

H-24 U Unknown SOAP Hit - High Fe
H-26 U 357 SOAP Hit - High Fe
H-5 U 1 SOAP Hit - High Fe

H-20 U 25 SOAP Hit - High Fe, Ag, Cu

H-89 T56 517 SOAP Hit - High Fe, Mg

P-108 U 583 High Mg

H-6 U 393 SOAP Hit, High Fe, Cu, Mg

H-61 U 442 SOAP Hit, High Fe, Cu, Mg

F-41 U 1081 Engine Failure, SOAP miss,
High F G Mg

F-5 755 Engine Failure, SOAP miss,
High Fe

Gearbox 1 Comercial 1124 Normal Sample
Helicopter

Gearbox 2 U 1146 Normal Sample

Combined Army
Gearboxes Helicopter Unknown Normal Sample

J52 & J60 J52 A J60 Unknown Normal Sample
(Combined) (Navy Acft)
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Residual SOAP samples were received during this program from various

type aircraft for providing trending data using both AE and ICP analyses. A

description of these aircraft, type engines and locations are given in Table

4.

TABLE 4

AIRCRAFT MONITORED BY
AE and ICP USING RESIDUAL SOAP SAMPLES

Type Aircraft Type Engine Location

C-9B JT8D MCAS, Cherry Point, NC
OV-10A & D T76-G-420 U U U

A-6E J52-P-8B " U U

AV-8A F402-RR-406 "
EA-6B J52-P-408
CH-46E T58-GE-16

(and XMSN) U

CH-53E T64-GE-416
(and Gearboxes) 3 U U U

HN-46 T58-GE-10
(and XMSN) U 3

F-18 F404-GE-400 -.ADEP, Pensacola, FL
H-60 Gearboxes 3 3

SH-60B Main XMSN 3
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SECTION IV

RESULTS AND DISCUSSION

1. INTRODUCTION

In addition to the comparative studies among the various wear metal

analysis techniques, the effects of various experimental parameters and

sample characteristics on the ICP results were studied in order to improve

its detection. Sample introduction system, nebulizing inlet gas vressure,

diluting solvent type and spectral line interferencis wera among the

parameters investigated. Conditions required for ovo .oading the ICP source

with wear debris particles, effects of the smple mat:ix (ester-based versus

hydrocarbon-based oils) and effects of concomitant element were also

investigated.

2. SAMPLE INTRODUCTION SYSTEM (ICP)

a. tanual and Peristalttc Pump Sample Aspiration

The effect- of different sample introduction system designs on the

ICP . Its were studied since the Air Force SOAP is interested in performing

automated wear metal analyses. Manual analyses were performed with a

cross-flow nebulizer in which the sample is drawn through the sample tube

into the nebulizer by the venturi effect. Thus, the rate of sample uptake is

dependent on the nebulizing gas flow rate. Manual and automated analyses

were performed using a Babbington type nebulizer and the sample uptake was

controlled by a peristaltic pump. Thus, the rate of sample uptake was

independent of the nebulizing gas flow rate. The sample uptake rates of the

cross-flow and Babbington nebulizer systems were 1.0 and 0.8-2.0 ml/min.,

respectively. The manual and perist'%ltic pump results listed in Table 5 were
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obtained by UDRI personnel while the automated (using a peristaltic pump and

automatic sampling system) results shown in Figure 1 were performed by a

commercial source.

TABLE 5

EFFECTS OF SAMPLE INTRODUCTION SYSTEM ON
THE ICP WEAR METAL ANALYSES

Analysis on
Sample No. ICP Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-13 Manual 1.39 0.0 0.49 0.12 1.53 0.23 0.10 5.59 3.22 0.11 0.00
Peristaltic 0.70 0.0 0.18 0.02 1.07 0.08 0.00 4.42 2.21 0.00 0.00

MFR-14 Manual 2.91 0.08 8.96 0.99 1.18 0.70 1.44 0.00 0.39 0.00 0.00
Peristaltic 1.94 0.10 6.33 0.62 0.84 0.43 0.90 0.00 0.37 0.00 0.00

The initial results in Table 5 indicate that the peristaltic pump

decreases the capability of the ICP to analyze wear metal debris in used oil

samples. Varying the sample uptake rate between 0.8-2.0 ml/min. did not

improve the wear debris analysis capability of the ICP spectrometer.

To further evaluate the effect of the peristaltic pump on the ICP

wear debris analyses, several used oil samples (unfiltered and after

filtering through 3 micron filters) were analyzed by an automated ICP. The

results shown in Figure 1 demonstrate that the automated ICP produces wear

debris analyses which are significantly lower than the results produced by

the manual ICP.

In addition to the effect on the ICP wear metal analyses, the effect

of the sample introduction system on the pre-analysis flush time was also

investigated. To determine the flush time required to eliminate the previous

sample from the nebulizing system, the R19-100 standard was analyzed followed

by the immediate analysis of the blank. The intensities of the Cu and Fe

channels were then plotted versus the analysis time to determine the flush
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time required to reach a minimum intensity. As shown in Figure 2 the

intensity versus time plots do not reach a minimum until after 50 seconds of

flushing with the blank. The flush time required by the cross flow

nebulizing system (manual) was 50 seconds.

Therefore, the initial results indicate that the nebulizing system

would need tp be optimized to improve the accuracy and shorten the analysis

time of automated ICP techniques.

b. Argon Inlet Pressure

An instrumental parameter that must be held constant during ICP

analyses is the inlet pressure of the argon line. The flow rate meter

readings for the coolant and nebulizing gases do not change as the argon

inlet pressure decreases from 60 psig (optimum) to 50 psig (plasma

automatically turns off). However, the decrease in the inlet pressure has a

strong effect on the readouts of the different elements as illustrated by the

readouts for the R19-100 standard listed in Table 6.

Therefore, for ICP analyses to be performed with complete confidence a

pressure sensing device must be added to the argon line prior to the flow

meters to ensure the inlet pressure is always 60 psig. This device will be

especially important as the argon tank becomes empty.

c. Solvent Type for Sample Dilution

Although very few types of solvent can be used to dilute oil samples

for ICP analysis, the use of kerosene is limited by the 1:9 dilution ratio

required by kerosene to negate viscosity differences and the inability of

kerosene to dissolve certain lubricating oils (e.g. polyphenyl ether).

Therefore, a short study was performed to determine the types of solvent that

can be used for ICP analyses of used lubricating oils. Since toluene has

been used by commercial labs for ICP analyses of lubricating oils, aromatic
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TABLE 6

EFFECT OF ARGON INLET PRESSURE
ON R19-100 STANDARD READOUTS

Element

Pressure Fe Ag Al Cr Cu Mg
(psig)

60 100.31 100.01 99.89 100.15 100.01 100.05
57 97.63 96.52 95.31 98.37 95.63 95.82
52 87.23 85.94 83.37 88.27 83.89 84.63

Ni Pb Si Sn Ti

60 99.85 99.65 100.35 100.31 100.01
57 93.65 91.53 96.50 93.12 96.71
52 83.57 80.31 87.98 80.56 84.39
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solvents were studied as an alternative to kerosene. The aromatic solvents

studied during this project were toluene, xylene and Aromatic 150 [industrial

aromatic solvent from Exxon with a boiling range of 135 (xylene) to 185°C

(diethylbenzene)].

The uptake rates for 1:9 dilution ratios of kerosene, toluene, xylene

and Aromatic 150 were 1.0, 1.8, 1.6 and 1.2 ml/min, respectively. Therefore,

the dilution factor of 1:9 would not be necessary for toluene or xylene to

negate viscosity differences. The smaller dilution factor for the aromatic

solvents would be beneficial by lowering the amount of waste produced by the

ICP analyses.

To determine the effect of solvent type on the ICP analyses of used oil

samples, the used oil samples MFR-4-A-1 (large particles) and MFR-6-A-1

(small particles) were diluted 1:9 with kerosene, xylene and Aromatic 150 and

analyzed with the cross flow nebulizing system. The nebulizing gas rate was

decreased from 0.6 to 0.4 ml/min. for the aromatic solvents to optimize the

ICP sensitivity. Even with the slower nebulizing gas flow rates, the toluene

destabilized the plasma resulting in erratic results, and consequently, the

toluene results were not included in this report.

The results listed in Table 7 for kerosene, xylene and Aromatic 150

indicate that the different solvents produce similar wear metal analyses.

Therefore, the solvent chosen for use by the Air Force would depend on cost,

flammability, toxicity, dilution factors, and other handling factors. Due to

the volatility of xylene a reclamation system could be used to reduce cost

and disposal considerations.

In addition to the organic solvents, a water solution containing an

additive to emulsify the oil sample was also investigated. Satisfactory

results were obtained if the emulsified oil sample was shaken during
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analysis. However, a deposit (additive nonvolatile) formed quickly on the

sample introduction tip of the ICP torch requiring cleaning after only three

samples. Therefore, a volatile emulsifying additive would have to be used if

a water based solution is to be used as the diluting solvent.

TABLE 7

EFFECT OF SOLVENT TYPE ON THE ICP NEAR METAL ANALYSES

Sample No. Solvent Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-4-A-1 Kerosene 6.43 0.00 0.34 0.11 0.00 0.00 0.00 0.31 0.32 0.00 0.00

Xylene 6.45 0.00 0.37 0.19 0.00 0.03 0.00 0.00 0.00 0.39 0.00

Aromatic 150 6.31 0.04 0.43 0.27 0.18 0.06 0.38 0.56 1.21 0.00 0.00

MFR-6-A-1 Kerosene 6.57 0.39 1.03 0.76 2.05 2.24 0.45 0.82 5.34 0.00 0.00

Xylene 6.59 0.36 0.92 0.83 1.82 2.38 0.00 0.00 4.66 0.53 0.00

Aromatic 150 6.71 0.43 0.94 0.82 1.78 1.88 0.78 0.00 4.51 0.00 0.05

d. Spectral Line Interferences

Spectral line interferences occur when one element emits light at the

same wavelength chosen to detect a second element so that the concentrations

determined for the second element are artificially high when the first

element is present. To determine if spectral line interferences occur for

the wavelengths chosen for the ICP spectrometer (Table 1) 100 ppm single

element standards were analyzed by the ICP spectrometer and the readouts of

all the channels were recorded. A readout of more than 1 ppm in a second

channel was considered evidence of spectral line interference. The elements

checked for spectral line interference were Ag, Al, B, Cr, Cu, Fe, Mg, Mo,

Ni, Pb, Si, Sn, Ti, V and Zn. Since tricresyl phosphate (antiwear additive)

is present in the used oil samples but not the standards, spectral
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interferences from P (1000 ppm) were also studied.

Of the elements studied only Cr and Mo produced spectral line

interferences: Cr produced 46 ppm on the Sn channel and Mo produced 2 ppm on

the Al channel. Although the Cr spectral line interference is strong,

mathematical compensation to eliminate the interference can be programed

into the computer used to control the ICP spectrometer. All of the ICP

results presented in this report were obtained using computer programs which

eliminated spectral line interferences.

3. SAMPLE CHARACTERISTICS

a. Particle Overloading of ICP Source

As previously described in paragraph 2.a, the system flush time of

the ICP spectrometer was determined using R-19-100 standards. In the case of

used samples, the high concentration of metal is present as undissolved metal

particles. To determine the effect of particles on the flush time of the

plasma source, M12-10, M12-50 and M12-100 metal powder suspensions were

analyzed followed im=ediately by the blank. The produced emission intensity

versus time plots for the Ag and Fe channels from M12-50 are shown in Figure

3. The increases in the emission intensity plots in Figure 3 are indicative

of particles being analyzed.

The plots in Figure 3 show that particles are being detected up to

100 seconds after the metal powder suspension analyses were ended. In fact,

particles were detected on the Ag channel during the following 100 second

flush period (Figure 3). Therefore, very long flush times (.-..3 minutes) will

be needed if used oil samples containing high concentrations of wear debris

are analyzed prior to analyzing used oil samples containing low

concentrations of wear debris (routine gas turbine engine samples).

In addition to the effect on flush time, a high percentage of large

25



5814
Ag

First 100 Sec Flush

CO)z
w
H-z

66

650 A
Second 100 Sec Flush

C/)zw
H-z

62
illlilt IlIIIII fill iii I i ltii l iiii IIIfil il ggggggg IIggg IllgIllgg,,ggggg Ill Illgloll ggggggggfil

1074
Fe

U')zw
H-z

108

Figure 3. Plots of Ag and Fe Channel Intensities Versus
Flush Time After M12-50 Analysis (X-Axis
Division - 1 See)

26



particles can overload the ICP source reducing the source's capability to

quantitatively analyze the particles. To test the particle analysis

capability of the ICP spectrometer, 50 ppm Fe powder suspensions containing

-3, +6-9 and +12 Jim metal powders were analyzed. The emission intensity

versus time plots for the Fe channel are shown in Figure 4 for the -3, +6-9

and +12 W metal powders.

The intensity plots indicate that the ICP source is unable to

quantitatively analyze the +12 pm particles since the emission increases

(particle analyzed) for the +12 Um particles range up to 180 units per

particle while the emission increases for the +6-9 Um particle range up to

440 units per particle. If the + 12 m particles were analyzed

quantitatively the particles would be expected to produce emission

intensities 2-4 times greater than those produced by the +6-9 pm particles.

It has been shown (Ref. 4) that the emission of the particles can be

increased by viewing a higher portion of the ICP plasma. As expected the

emission intensity is fairly constant for the -3 Um particles since the

particle transport to the source is quantitative (Ref. 5) and the -3 Um, 50

ppm suspension contains many more particles than the +6-9 and +12 Mm, 50 ppm

suspensions. For comparison the emission intensity versus time plots for

R-19-100 standard and the blank (0 ppm Fe) are shown in Figure 5 and have

emission intensities that remain fairly constant with maximum increases of 30

and 3 units, respectively.
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b. Matrix Effect

since the standards for the ICP are prepared in heavy hydrocarbon

oils and the used oil samples are hydrocarbon and ester-based with varying

viscosities, the oil matrix may effect the ICP wear metal analyses. To

determine the effects of matrix viscosity, R19-100 standards were prepared

from heavy and light hydrocarbon oils. To determine the effects of matrix

composition, R19-100 standards were also prepared from MIL-L-7808 ester-based

lubricating oils. The ICP spectrometer was standardized with the R19-100

standard prepared in the heavy hydrocarbon oil diluted 1:4 with kerosene.

The R19-100 standards prepared in light hydrocarbon and MIL-L-7808 oils were

then analyzed and the results are listed in Table 8.

The results in Table 8 show that a dilution ratio of 1:9 is necessary

to negate the viscosity differences between the heavy and light hydrocarbon

oils. The dilution ratio of 1:9 was used throughout the comparative study of

this report.

The results in Table 8 also show that regardless of the dilution

ratio, the MIL-L-7808 oil produces analyses 101-119% higher than the heavy

hydrocarbon oil. It seems that a dilution ratio of 1:6 is sufficient to

negate the viscosity differences between the heavy hydrocarbon and MIL-L-7808

oils. These results indicate that the standards will have to be prepared in

ester-based oils if accurate ICP wear metal analyses are to be performed.

c. Concomitant Elements

Another factor that affects the accuracy of the ICP spectrometer is

the presence of concomitant elements. concomitant elements are elements

which affect the emission intensities of the other elements present in

standards and used oil samples. The effect of conccnitant elements was

evaluated by analyzing R19-100 and R12-100 standard prepared in heavy mineral
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oil. The ICP spectrometer was standardized with the R19-100 standard. The

R12-100 standard was then analyzed and the results are listed in Table 9.

The results in Table 9 show that the concomitant element effect between

the R19 and R12 standards (B, Ba, Be, Cd, Mn, V and Zn not included in R12

standard) caases a large enhancement of the Cr and Si channels and a

suppression 3f the Ti channel. All of the other channels listed in Table 9

show small enhancements for the R12-100 standard. Thus, not only does the

oil matrix affect the readouts of the ICP spectrometer but also the number of

elements to be included in the standard.

4. SPECTROMETRIC CHARACTERISTICS

a. Linearity Range of ICP Spectrometer

Due to the wide range of wear debris and additive concentrations in

the used oil samples obtained from different equipment monitored by the

Military Services, the calibration curves of the ICP spectrometer should be

linear over a wide range of concentrations. The spectrometer was

standardized with the R19-100 standard and then standards up to 4000 ppm were

analyzed for the various metals. The results listed in Table 10 indicate

that the calibration curves of the ICP spectrometer are linear up to

approximately 1000 ppm.

b. Stability of ICP Spectrometers' Standardization

One of the reported advantages of the ICP spectrometer is the

stability of its standardization allowing large numbers of samples to be

analyzed without need of restandardization. The standardization stability of

the ICP spectrometer was evaluated by three methods. In the first two

methods, the R19-100 standard was analyzed by the JA ICP after every thirty

miautes for two hours and after every 15 used oil samples for 45 used oil

samples. In the third method, the R19-50 standard was analyzed by the
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automated ICP at intermediate periods during the analysis of 75 used oil

samples.

The results in Table 11 show that the standardization of the ICP

spectrometer was stable for over two hours when samples are not analyzed but

the spectrometer needs to be restandardized every 15 to 30 samples to produce

reliable results. Changes in the sample introduction system (gas flow

variation, debris collecting in sampling tube, etc.) are most likely

responsible for the frequent restandardization since the standardization was

stable when samples were not analyzed.

Another reported advantage of the ICP spectrometer is the precision

of its analyses. Table 11 shows that Fe analytical results were within 1 and

3% for the JA ICP using the 100-ppm standard for the first two methods above

and within 5% using the 50-ppm standard for the third method.

5. WEAR METAL ANALYSIS

a. General Discussion Relative to Analyses Conducted and Data Evaluation

The microfiltration tests (MFR) utilized larger size samples than the

SOAP samples permitting a greater in-depth evaluation of the MFR samples.

The effects of microfiltration on the wear metal concentrations of the

various oil samples were insignificant after the first pass. Thus the

correlation of data obtained on MFR samples were made only on the first pass

sample of each MFR test although three or four passes through the filter were

made during the MFR test. Complete data for all samples obtained during each

pass for the MFR samples and for the complete analyses of the SOAP samples

have been included in Appendix A.

The SOAP samples utilized in this study have been divided into three

groups as follows:
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TABLE 11

STANDARDIZATION STABILITY OF ICP SPECTROMETER USING
R19-50 OR R19-100 STANDARDS

TiM
std min. Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

R19- 0 100.2 99.95 100.1 99.87 100.1 100.1 101.0 100.8 100.0 101.2 101.1
100

30 100.8 100.1 100.2 100.1 100.1 100.7 100.7 101.1 101.1 101.8 100.8

60 100.9 100.2 101.3 100.5 101.2 100.2 102.1 101.2 100.8 100.1 100.1

90 100.7 99.91 99.91 101.4 99.85 100.1 102.2 103.4 99.72 99.85 99.75

120 101.1 99.82 102.2 102.1 100.1 99.85 101.8 102.5 101.8 99.75 100.1

R19- 0 100.8 100.7 99.91 100.1 100.2 100.0 101.9 100.9 100.2 100.5 99.99
100

15 102.3 98.12 96.45 103.5 95.86 102.7 105.3 101.1 101.1 100.6 99.08

30 101.1 96.59 93.47 102.9 93.59 101.9 105.9 101.8 100.3 97.60 97.74

45 103.4 95.69 91.41 101.3 91.42 100.8 106.0 102.1 100.0 91.40 96.89

R19-
50 10 48.95 50.52 50.50 50.13 50.23 49.26 49.07 48.64 49.98 50.28 50.43

34 49.06 49.03 49.37 49.10 49.22 49.15 49.03 49.68 49.16 48.96 49.12

52 47.52 47.49 47.10 46.06 48.62 46.02 47.03 46.21 47.31 46.16 46.85

78 48.95 50.33 50.70 50.28 50.28 49.96 49.69 49.36 50.19 50.19 50.48
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Group 1. Samples from a previous test program which
were "Hit" samples. Hit - SOAP detected
abnormal wear prior to component failure.
Abnormal wear confirmed by maintenance
personnel.

Group 2. Samples from a previous test program which
were not "Hit" samples.

Group 3. Residual SOAP samples obtained from two
locations during this program. Base
analyses were compared with UDRI ICP
for trending purposes.

Samples used by UDRI to evaluate the analytical capabilities of the

ICP, AE/JA, PWMA, AA, ADM, and ferrography and to perform particle size

distribution analyses were heated and sonicated prior to analysis. A/E35U-3

emission analyses were conducted by SOAP laboratories using normal

procedures. PST/ICP analyses employed automatic sampling and were not

sonicated or shaken just prior to analysis.

In general the data obtained by the various analysis techniques have

been tabulated and arranged in order from high to low for initial iron

content and percent iron loss. Since eight different analysis techniques

were used (ADM is reference technique) for some of the samples, ranking of

the various techniques from high (value of 8) to low (value of 1) was done

for each sample. This approach provided for determining the relative

rankings of the various analysis techniques to ADM values with respect to

total iron content and iron loss due to three micron filtration. For sample

groups where less than eight analysis techniques were used (6 for example),

the ranking ranged from 8 to 3. This approach permits comparing the rankings

of those analysis techniques which were conducted on various sample groups.

Correlation between all analysis techniques including ferrography
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were made only for WFR samples since no ferrography measurements were

conducted on the SOAP samples.

Since all analysis techniques do not have the same sensitivity or

value readability the following guidelines were used in reporting of data.

Atomic Emission Analysis (J.A. 44181). All metals reported
to 0.1 ppm up to 10 ppm and 1 ppm above 10 ppm level.

Atomic Emission Analysis (A/E35U-3). All metals reported
to 0.1 ppm up to 10 ppm (if reported by base) and one ppm
above 10 ppm level.

Atomic Absorption (AA). Iron on all samples along with other
significant wear metals. Reported to 0.1 ppm up to 10 ppm level.
One ppm above 10 ppm level.

Inductively Coupled Plasma (ICP). All metals reported to 0.01
ppm up to 10 ppm level, 0.1 ppm from 10 to 100 ppm level
and 1 ppm above 100 ppm level.

Direct Current Plasma (DCP). All metals reported to 0.01 ppm
up to 10 ppm level, 0.1 ppm from 10 to 100 ppm level and 1 ppm above
100 ppm level.

Portable Wear Metal Analyzer (PUMA). All metals reported to
0.1 ppm up to 10 ppm and 1 ppm above 10 ppm level.

Particle Size Distribution ADM/AA. Iron only reported to 0.1
ppm up to 10 ppm level and 1 ppm above 10 ppm level.

Acid Dissolution Method-ICP. Iron and other significant
metals reported to 0.01 ppm up to 10 ppm level, 0.1 ppm
from 10 to 100 ppm level and 1 ppm above 100 ppm level.

Since iron is the primary wear metal, a more in-depth evaluation and

correlation of the various analysis techniques with respect to initial

content, particle size distribution and the effects of three micron

filtration were made for the *iron" data. A discussion of the other wear

metals present in a few of the samples as determined by the various analysis

techniques and the effects of filtration on these analyses will be given in a

separate section of the report.
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b. Matrix Effects and Particle Size Sensitivities

Previous research (Ref. 3) has shown that determined iron

concentrations of ester base oils can be up to 2.5 times the actual iron

concentration when determined using the /E 35U-3 spectrometer calibrated

with mineral oil base standards. This same research also showed decreasing

emission sensitivities for particles above approximately eight microns.

The data obtained during this study have shown similar matrix effects

and changing of particle size sensitivity when using atomic emission analysis

techniques. As shown in Table 12 samples having small iron particle sizes

(less than 3 microns such as sample MFR-8) have much higher atomic emission

values than corresponding ADM values. For samples having very large iron

particles such as sample MFR-4 the ADM values are much higher than the

corresponding emission values.

This study has also shown matrix effects and particle size

sensitivity effects to be present when using other analysis techniques.

Table 13 shows the matrix effects on atomic absorption analyses when using

different solvents and standards and that AA analyses are affected by

particle size to the same degree as atomic emission techniques. Data

obtained from the MFR samples (Table 12) show that other techniques such as

ICP and DCP are particle size sensitive.

However, the investigation and determination of matrix effects and

particle size effects for all the analysis techniques investigated was beyond

the scope of this program and were not conducted.

c. Microfiltration Test Rig (MFR) Data

The original iron content and iron loss due to three micron test rig

filtering are given in Table 12 and show a wide variation between the various

analysis techniques for both the original iron content and percent loss. The
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TABLE 12

ORIGINAL IRON CONTENT AND IRON LOSS DUE TO THREE MICRON
TEST RIG FILTERING

Sample Orig. Fe & Loss Method of Analysis, ppm
du. to Filt. ICP PST/ICP A/E 35 A/E JA PWMA DCP AA ADM

MFR-1-A-1 Orig. Fe 9.28 2.35 1 25 25 60 8.72 7.5 31.8
Filt. Loss 3.01 (0.67) 16 11 51 2.76 2.3 21.0
0 Loss 32 (28) 64 44 85 32 31 66

MFR-2-A-1 Orig. Fe 32.7 9.46 62 93 61 34.2 15.0 60.4
Filt. Loss 10.9 0.14 22 39 27 12.6 3.0 30.7
% Loss 33 2 37 42 44 37 20 51

MFR-3-A-1 Orig. Fe 11.1 6.93 22 32 15 7.36 9.0 13.8
Filt. Loss 0.7 0.63 2 5 2 0.35 0.6 2.3
% Loss 6 9 9 16 13 5 7 17

MFR-4-A-1 orig. Fe 6.43 0.16 2.0 17 40 5.03 4.0 26.0
Filt. Loss 5.90 (0.01) 1.0 17 38 4.50 2.4 25.8
% Loss 92 (6) 50 100 95 89 60 99

FR-5-A-1 Orig. Fe 96.1 69.1 94 110 54 99.0 89 110
Filt. Loss 14.8 0.3 5 2 5 13.3 (3) 11.3
% Loss 15 0 5 2 9 13 (3) 10

MFR-6-A-1 Orig. Fe 6.57 4.74 11 13 10 6.67 5.1 7.41
Filt. Loss 1.67 (.03) 1 2 5 2.27 1.0 2.79
% LosS 25 (1) 9 15 50 0.34 20 38

MFR-7-A-1 Orig. Fe 0.49 0.75 2.0 0.80 0.8 0.34 0.6 0.61
Filt. Loss 0.02 0.04 0.5 0.50 0.1 0.03 0 0.20
% Loss 4 5 25 62 12 10.3 0 33

XR-8-A-1 Orig. Fe 12.50 12.50 27 28 11 10.3 11 10.1
Filt. Loss (0.01) 0.30 6 6 0 0.1 0 (1.7)
% LosS 0 2 22 21 0 1 0 (17)

MFR-9-A-1 Orig. Fe 3.61 3.26 5.6 6.2 2.7 - 2.2 3.41
Filt. Loss 0.32 0.06 (0.1) 1.4 0.3 - 0.3 (0.2)
% Loss 9 2 (2) 23 11 - 14 (6)

NFR-10-A-1 Orig. Fe 2.69 2.11 4.0 6.1 2.6 - 1.6 6.14
Filt. Loss 0.78 0.46 2.0 2.8 0.8 - 0.4 2.81
% Loss 29 22 50 46 31 - 25 46

MFR-18-A-1 Orig. Fe 2.30 0.81 3.2 8.6 2.4 - 1.9 5.31
Filt. Loss 1.50 0.11 1.4 5.2 1.4 - 1.2 3.68
1 Lose 65 14 44 60 58 - 63 69

MYR-22-A-1 Orig. Fe 8.56 - 17 23 8.6 - 6.2 8.57
Filt. Loss 1.20 - 2 4 1.6 - 1.1 1.39
% Loss 14 - 12 17 19 - 18 16

1Values in ( ) show ppm and % increase in value after filtering
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TABLE 13

COMPARISON OF IRON CONTENT AS DETERMINED BY
VARIOUS ATOMIC ABSORPTION TECHNIQUES WITH ADM VALUES

Values in ppm)

Sample Analyte Corp. Djta 2 3
Conostan Std. D-19 Std. UDRI AA Data ADM Data

mFR-4-A-1 0.89 1.24 5.03 26.0

MFR-4-A-2 0.00 0.36 0.53 0.2

MFR-5-D-1 39.34 90.09 90 110

MFR-5-D-2 38.18 86.20 89 98.7

MFR-8-A-i 7.46 12.52 11 10.1

MFR-8-A-2 7.60 12.64 11 11.8

H-I 6.88 11.32 - -

H-20 12.26 21.29 12.0 39.8

H-48A 9.35 16.30 - -

H-55 7.77 13.81 13

H-84 11.66 21.40 19.0 45.7

P-43 26.38 51.31 36.1 58.2

P-71 12.02 19.55 19 60.7

P-71A 10.54 13.67 15 27.1

P-108 4.98 7.33 11.5 7.0

comb. Army 0.64 1.55 2.0 3.83

1 sample Dilution of 1 part Sample and 4 parts Kerosene. Consostan Standard

2Diluted with I part blank conostan oil and 8 parts Kerosene.
D-19-100 Standard Diluted I part Standard and 1 part Conostan Base Oil.

3New Standard diluted 1 part Standard to 4 parts Kerosene.
R-19 standards and samples diluted 1 part to 4 parts MIBK.
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variation in original iron content is better observed in Table 14 where iron

values are arranged from high to low for each sample. As expected the range

between values generally increase with increased iron concentration. Table

14 also includes data for MFR samples not filtered using the test rig.

The initial ADM iron value and percent loss due to test rig filtering

using the various analysis techniques are arranged in order of high to low

iron loss as shown in Table 15. Since the iron loss is given in percent the

wide variation between analyses is not as directly related to concentration

as the analyses for initial iron content. Samples having low initial iron

concentrations can have as large of variations between percent loss analyses

as high iron content samples. Iron particle size can also have a greater

effect on percent iron loss due to filtering than on initial iron

concentration.

Table 16 gives a summary of rankings based on iron content determined

in the MFR samples by the analysis techniques. For example ADM analyses

ranked in the highest position (8) four of twelve analyses, in seventh

position six of the twelve analyses, etc. These data show that ADM, P1MA,

A/E35 and A/EJA rank 5 and above 83% of the time while ICP, AA, DCP and

PST/ICP ranks 4 and below 81% of the time. Table 17 gives similar type data

for percent iron loss due to filtering. Again ADM, PUMA, A/335 and A/EJA

ranked 5 and above 73% of the time and ICP, AA, DCP and PST/ICP ranked 4 and

below 70% of the time. Table 18 gives the rankings for each analysis

technique for MFR samples not filtered. Since only six analysis techniques

were used rankings ranged from 8 to 3. In this case ADM, A/ZJA, A/E35 and

PM4A ranked 6 and above 72% of the time while ICP and AA ranked 5 and below

94% of the time.

A summary of all the teat data presented in Tables 14 thru 18 is
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TABLE 14

IRON CONTENT AS DETERMINED BY VARIOUS ANALYSIS TECHNIQUES
WITH VALUES ARRANGED FROM HIGH TO LOW (VALUES IN PPM)

(MFR Samples Filtered)

MFR-1-A-1 PUMA ADM A/E35 A/EJA ICP DCP AA PST/ICP
60 31.8 25 25 9.28 8.72 7.5 2.35

MFR-2-A-1 A/EJA A/E35 PUMA ADM DCP ICP AA PST/ICP
93 62 61 60.4 34.2 32.7 15.0 9.46

MFR-3-A-1 A/EJA A/E35 PUMA ADM ICP AA DCP PST/ICP
32 22 15 13.8 11.1 9.0 7.36 6.93

MFR-4-A-1 PUMA ADM A/EJA ICP DCP AA A/E35 PST/ICP
40 26.0 17 6.43 5.03 4.0 2.0 0.16

MFR-5-A-1 ADM A/EJA DCP ICP A/E35 AA PST/ICP PUMA
110 110 99 96.1 94 89 69.1 54

MFR-6-A-I A/EJA A/E35 PUMA ADM DCP ICP AA PST/ICP
13 11 10 7.41 6.67 6.57 5.1 4.74

MFR-7-A-1 A/E35 PWMA A/EJA PST/ICP ADM AA ICP DCP
2 0.8 0.8 0.75 0.61 0.6 0.49 0.34

MFR-8-A-I A/EJA A/E35 ICP PST/ICP PWMA AA DCP ADM
28 27 12.50 12.50 11 11 10.3 10.1

MFR-9-A-1 A/EJA A/E35 ICP ADM PST/ICP PWMA AA DCP
6.2 5.6 3.61 3.41 3.26 2.7 2.2 -

MFR-10-A-1 ADM A/EJA A/E35 ICP PUMA PST/ICP AA DCP
6.14 6.1 4.0 2.69 2.6 2.11 1.6 -

MFR-18-A-1 A/EJA ADM A/E35 PUMA ICP AA PST/ICP DCP
8.6 5.31 3.2 2.4 2.30 1.9 0.81 -

MFR-22-A-2 A/EJA A/E35 PUMA ADM ICP AA PST/ICP DCP
23 17 8.6 8.57 8.56 6.2 - -

(MFR Samples Not Filtered)

MFR-11 ADM A/E35 PUMA ICP A/EJA AA PST/ICP DCP
0.67 0.3 0.2 0.13 0.0 0.0 - -

MFR-12 A/ZJA A/E35 ADM PUMA AA ICP PST/ICP DCP
3.7 3.0 2.64 1.9 1.9 1.39 - -

42



TABLZ 14 (CONCLUDED)

MFR-13 ADM A/EJA A/E35 AA PwM ICP PST/ICP DCP

2.81 2.40 2.00 2.0 1.7 1.39 - -

MYR-14 A/ZJA A/35 ADM PWMA ICP A& PUT/ICP DCP
6.2 5.0 3.70 3.0 2.91 0.8 - -

MFR-15 A/ZJA ADM ICP PWML A/335 A& PUT/ICP DCP
7.7 5.12 3.91 3.3 3.0 1.2 - -

MFR-19 A/335 A/ZJA PWK& ADM ICP A& PST/ICP DCP

20 17 7.9 7.50 6.66 4.6 - -

MFR-20 A/335 A/EJA ADM PMm ICP AL PST/ICP DCP
48 33 15.2 13.8 12.8 7.2 - -

MFR-21 A/ZJA A/35 PWMA ICP ADM AL PST/ICP DCP

20 16 9.60 9.24 8.50 4.0 - -
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TABLE 15

ADM IRON VALUE AND PERCENT LOSS DUE TO 3 MICRON TEST RIG FILTERING FOR
VARIOUS MEASURING TECHNIQUES ARRANGED FROM HIGH TO LOW IRON LOSS

Percent Loss Due to 3 Micron Filtration

ADM
MFR-1-A-1 PPM PWMA ADM A/E35 A/EJA ICP DCP AA PST/ICP

31.8 85 66 64 44 32 32 31 (28)

MFR-2-A-1 60.4 ADM PWMA A/EJA A/E35 DCP ICP AA PST/ICP
51 44 42 37 37 33 20 2

MFR-3-A-1 13.8 ADM A/EJA PWMA A/E35 PST/ICP AA ICP DCP
17 16 13 9 9 7 6 5

XFR-4-A-1 26.0 ADM A/EJA PWMA ICP DCP AA A/E35 PST/ICP
100 100 95 92 89 60 50 (6)

MFR-5-A-1 110 ICP DCP ADM PWMA A/E35 A/EJA PST/ICP AA
15 13 10 9 5 2 0 (3)

MFR-6-A-1 7.41 PWMA ADM DCP ICP AA A/EJA A/E35 PST/ICP
50 38 34 25 20 15 9 (1)

MFR-7-A-1 0.61 A/EJA ADM A/E35 DCP PWMA PST/ICP ICP AA
62 33 25 24 12 5 4 0

MFR-8-A-1 10.1 A/E35 A/EJA PST/ICP DCP ICP PWMA AA ADM
22 21 2 1 0 0 0 (17)

HFR-9-A-1 3.41 A/EJA AA PWMA ICP PST/ICP A/E35 ADM DCP
23 14 11 9 2 (2) (6) -

MFR-10-A-1 6.14 A/E35 ADM A/EJA PWMA ICP AA PST/ICP DCP
50 46 46 31 29 25 22 -

MFR-18-A-1 5.13 ADM ICP AA A/EJA PWMk A/E35 PST/ICP DCF
69 65 63 60 58 44 14 -

MFR-22-A-1 8.57 PWMA AA A/EJA ADM A/E35 ICP - -

19 18 17 16 12 4 -

aValues in ( ) show an increase in Fe value after filtering
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given in Table 19 for eight samples having 8 different type analyses. Since

the ADM analyses are particle size independent various values obtained using

the other analysis techniques are shown as ratios to appropriate ADM value.

The data in Table 19 show three interesting points. First, the data for ADM,

A/EJA, A/E35 and PUMA are fairly close with the ICP and DCP data being close

but slightly lower than for the ADM, A/RJA, A/E35 and PUMA values. The data

obtained by AA and PST/ICP are much lower than that for the other techniques.

Secondly, the percent iron loss values based on initial minus final total

iron content are fairly close to the average percent decrease (total of

percent decrease for each sample divided by the number of samples)

considering all factors. Third, the total iron content and percent loss as

determined by PST/ICP shows the extreme importance of sample agitation

immediately before analyzing for suspended particles.

A sutmary of test data for twelve microfiltration tests using seven

different analysis techniques is given in Table 20. These data show the same

ranking of analysis techniques and observations as were discussed for Table

19. The ratio values and percent loss values are very close to the values in

Table 19.

The summary of test data for eight MFR samples not filtered and using

six analysis techniques is given in Table 21. The data are similar to that

of Tables 19 and 20 except that the total iron ratios of A/335 and A/UJA to

the ADM value are much higher (1.95 versus 1.28 for A/EJA and 2.11 versus

0.96 for A/E35).

These two much higher ratio values are due to three of the eight

samples (MYR-19, MFR-20 and MFR-21) which were blended to provide sample

MFR-22 which was filtered. The A/ZJA and A/135 ratio values to the ADM value

for this sample were 2.68 and 1.98 respectively. These high ratio values
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were greatly attenuated when averaged with the values from the other eleven

microfiltration samples.

A summary of the ferrographic analysis of the MFR filtered samples is

given in Table 22. Samples are arranged in order of decreasing ADM iron

content. Ferrographic data provide a comparative rating of the quantity of

iron present and a comparative rating of large (entry position reading) to

small (50 mm position reading). These data show several interesting points.

First the level of iron content is ranked the same when using the percent

covered for the entry position, percent area covered for the entry plus 50 MM

positions or the total of the percent area covered for the entry, 50, 40, 30,

20 and 10 mM positions. Secondly, these rankings are very close to the ADM

iron content rankings considering the small differences in the iron content

of some of the samples. Sample WR-5-A appears to be the only sample out of

order in ferrographs ranking. This could be due to this sample being the

only automotive mineral oil having a very high iron content consisting of

small (less than 3 micron) particles. The initial L/S rankings do not

correlate to the percent area covered rankings which would be expected but do

correlate to paticle size which will be discussed in detail when evaluating

and determining correlation of all data obtained on all samples. It should

be noted that the L/S (Initial) ranking correlate very well with the L/S loss

due to filtration ranking. This shows that L/S values as obtained by the

analytical ferrograph are particle size dependent.

d. SOAP "Hit" Sample Data

The original iron content and iron loss due to three micron mmbrane

filtration of SOAP samples from a previous test program are given in Table 23

and includes test data for both "hit" and other membrane filtered SOAP

samples and for the purpose of this report are labeled wroutine" SOAP
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TABLE 23

ORIGINAL IRON CONTENT AND IRON LOSS DUE TO THREE
MICRON MEMBRANE FILTRATION

Orig. Fe &
Loss due to Method of Analysis, pplU

Sample Filtration ICP PST/ICP A/E35 DCP AA ADM

H-84 Orig. Fe 27.8 7.09 14 29.0 19.0 45.7
Filt. Loss 10.2 0.97 2 11.7 6.0 22.6
% Loss 37 14 14 40 32 49

H-13 Orig. Fe 11.1 19 10.1 10.0 15.1
Filt. Loss 0.4 1 0.5 1.0 0.4
%Loss 4 1 5 10 3

H-61 Orig. Fe 12.3 27 12.2 17.0
Filt. Loss (0.f) 0 0.6 0.5
% Lose (3) 0 5 3

H-6 Orig. Fe 12.4 7.89 23 10.9 9.0 15.6
Filt. Loss 0.7 (0.10) 1 0.4 0.0 3.0
% Loss 6 (1) 4 4 0 19

H-54 Orig. Fe 10.2 13.9 22 9.0 14.5
Tilt. Loss (0.4) 0.8 1 2.0 1.1
% Loss (4) 6 5 11 8

H-89 Orig. Fe 25.5 28.7 46 24.3 22 35.6
Filt. Loss (0.5) 0.7 0 (0.1) (1) (0.3)
% Loss (2) 2 0 (0) (5) (1)

H-47 Orig. Fe 12.2 13 10.6 8.0 17.8
Filt. Loss (1.1) 2 0.79 0 (0.4)
% Loss (9) 15 7 0 (2)

H-20 Orig. Fe 23.8 13.2 29 23.9 12.0 39.8
Filt. Loss 7.1 0 9 7.3 5.0 18.3
% Loss 30 0 31 31 42 46

H-66 Orig. Fe 10.8 20 8.69 7.0 13.6
Filt. Loss (0.1) 0 (0.09) 0 0.3
% Loss (1) 0 (1) 0 2

H-5 Orig. Fe 16.6 36 14.5 13 22.2
Filt. Loss 1.3 0 0.7 1 0.8
% Loss 8 0 5 8 4



TABLE 23 (COMT'D)

H-26 Orig. Fe 18.7 39 18.1 13 23.2
Flt. Loss (0.1) 1 0.5 1 2.1
0 Long (1) 3 3 8 9

H-24 Orig. Fe 21.0 44 19.5 13 23.8
Flt. Loss 0.3 0 (0.1) (1) 0.4
% Lose 1 0 (1) (8) 2

H-55 Orig. Fe 16.3 10.1 20 16.2 13 23.3
Flt. Lose 0.5 0.3 1 0.5 3 2.6
1 Lose 3 3 1 3 23 11

H-67 Orig. Fe 11.8 21 9.88 8.0 13.4
Flt. Loss 0.3 5 0.44 0 0.2
% LOSS 3 24 4 0 1

H-12 Orig. Fe 7.80 7.04 14 5.61 6.0 9.41
Flt. Loss (0.02) 0.20 0 0.25 0.0 0.74
bLOuSS 0 3 0 4 0 8

H-30 Orig. Fe 14.2 13.3 27 11.5 13 18.1
Flt. Loss (0.1) 0.1 0 (0.7) (2) 0.3
% Loss (1) 1 0 (6) (15) 2

P-71 Orig. Fe 34.4 3.78 6.1 34.4 19 60.7
Flt. Loss 11.2 (1.99) (1.4) 13.2 4.0 33.6
% Loss 33 (53) (23) 38 21 55

P-43 Orig. Fe 45.1 51.3 79 36.7 36.1 58.2
Flt. Loss (0.20) 0.6 1 (0.6) 1.1 1.4
% Lose 0 1 1 (1) 3 2

P-108 Orig. Fe 8.03 19 6.80 11.5 7.0
Flt. Loss (0.05) 0 (0.61) (0.1) 0.0
It Loss (1) 0 (9) (1) 0

P-81 Orig. Fe 7.83 10.0 6.90 13.0 23.2
Flt. Loss 0.73 0.4 2.62 1.0 2.1
% Loss 9 4 38 8 9

P-11l Orig. Fe 21.7 31 17.4 13.0 21.4
Flt. Loss 0.7 9 7.5 5.0 8.0
% Lose 3 29 43 38 37

P-110 Orig. Fe 7.41 16 6.26 8.83 5.0

Flt. Loss 0.41 0 0.05 0.20 0.0
%LOSS 6 0 1 2 0
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TABLE 23 (CONCLUDED)

P-5 orig. F. 14.0 30 13 15.4
Filt. Long (0.4) 1 0 0.3
0 Loss (3) 3 0 2

F-41 Orig. Fe 4.53 12 4.07 4.0 6.36
Flt. Lose 0.10 0 (.02) 0.0 0.56
0 LOSS 2 0 0 0 9

Navy Orig. Fe 4.73 4.34 9.7 5.06 4.0 7.22
Corn. Filt. Lose 0.10 0.01 0.6 (0.51) 0.0 0.99

% Loss 2 0 6 (10) 0 14

Gear- Orig. Fe 6.73 7.74 13 5.08 4.0 10.20
Box 2 Flt. Loam 0.09 (0.03) 1 (1.11) 0 3.86

% Logo 1 0 8 (22) 0 38

Army Orig. Fe 2.63 2.70 5.2 2.38 2.0 3.83
Hell- Flt. Loss 0.01 0.28 0.1 0.12 0.0 0.79
copter S Loss 0 10 2 5 0 21

Gear- Orig. Fe 6.83 7.01 11 4.0 11.1
Box 1 Flt. LOll (0.15)(0.20) (1) 0.0 4.42

% Loss (2) (3) (9) 0 40

avalues in ()show ppm and % increase in value after filtering
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samples. As shown by these data six analysis trchniques were utilized

although insufficient sample existed for the analysis of all samples using

all techniques. Table 24 shows the initial iron content of all the membrane

filter SOAP samples with the iron values arranged from high to low. The

range of iron values is large and similar to that of the MFR samples. Table

25 gives the ADM iron value and percent loss due to 3 micron membrane

filtering using various measuring techniques with percent loss values

arranged from high to low. Overall the percent loss due to membrane

filtration for these samples is lower than that for the MFR samples (Table

15) indicating smaller particle size distribution or better filtering

efficiency using in-depth filters.

The summary of rankings of the various analysis techniques for the

SOAP OHit" samples based on iron content is given in Table 26 and shows that

ADM and A/E35 analyses rank seventh and eighth 97% of the time while DCP, AR

and PST/ICP analyses ranked fifth and below 89% of the time. ICP analyses

ranked sixth 81% of the time. The summary of rankings of these samples based

on iron loss due to filtering is given in Table 27 and except for the ADM

analyses, the rankings of each analysis technique are more evenly ranked from

high to low. The ADM values rank seventh and eighth 75% of the time.

A complete summary of all the test data for the fourteen membrane

filtered SOAP "Hit" samples using five different analysis techniques is given

in Table 28. PST/ICP analyses of these samples were not included since only

seven samples were analyzed by this method. The data shown in Table 28 are

very similar to the same data for the MFR samples except that the percent

loss due to filtering is much lower for the "Hit" samples than for the MFR

samples. A close comparison of these data is made in a later section of this

report after presening the routine SOAP sample data.
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TABLE 24

IRON CONTENT AS DETERMINED BY VARIOUS ANALYSIS TECHNIQUES
WITH VALUES ARRANGED FROM HIGH TO LOW

(VALUES IN PPM)

H-84 ADM DCP ICP Ah A/Z35 PST/ICP
45.7 29.0 27.8 19.0 14 7.09

H-13 A/E35 ADM ICP DCP AA
19 15.1 11.1 10.1 10.0

H-61 A/E35 ADM ICP DCP

27 17 12.3 12.2

H-6 A/E35 ADM ICP DCP AA PST/ICP
23 15.6 12.4 10.9 9.0 7.89

H-54 A/E35 ADM PST/ICP ICP AA
22 14.5 13.9 10.2 9.0

H-89 A/E35 ADM PST/ICP ICP DCP AA
46 35.6 28.7 25.5 24.3 22

H-47 ADM A/E35 ICP DCP AA
17.8 13 12.2 10.6 e.0

H-20 ADM A/E35 DCP ICP PST/ICP AA
39.8 29 23.9 23.8 13.2 12.0

H-66 A/E35 ADM ICP DCP AA
20 13.6 10.8 8.69 7.0

H-5 A/E35 ADM ICP DCP AA
36 22.2 16.6 14.5 13

H-26 A/E35 ADM ICP DCP AA
39 23.2 18.7 18.1 13

H-24 A/Z35 ADM ICP DCP AA
44 23.8 21.0 19.5 13

H-55 ADM A/E35 ICP DCP AA PST/ICP
23.8 20 16.3 16.2 13 10.1

H-67 A/E35 ADM ICP DCP AA
21 13.4 11.8 9.88 8.0

H-12 A/E35 ADM ICP PST/ICP AA DCP
14 9.41 7.80 7.04 6.0 5.61

H-30 A/E35 ADM ICP PST/ICP AA DCP
27 18.1 14.2 13.3 13 11.5
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TABLE 24 (CONCLUDED)

P-71 ADM ICP DCP AA A/E35 PST/ICP

60.7 34.4 34.4 19 6.1 3.78

P-43 A/Z35 ADM PST-ICP ICP DCP AA

79 58.2 51.3 45.1 38.7 36.1

P-108 A/935 AA ICP ADM DCP

19 11.5 8.03 7.0 6.80

P-81 ADM AA A/E35 ICP DCP

23.2 13.0 10.0 7.83 6.90

P-111 A/935 ICP ADM DCP AA

31 21.7 21.4 17.4 13.0

P-110 A/E35 AA ICP DCP ADM
16 8.83 7.41 6.26 5.0

F-5 A/E35 ADM ICP AA

30 15.4 14.0 13

F-41 A/E35 ADM ICP DCP AA
12 6.36 4.53 4.07 4.0

Navy Com. A/935 ADM DCP ICP PST/ICP AA
9.7 7.22 5.06 4.73 4.34 4.0

Gearbox-2 A/E35 ADM PST/ICP ICP DCP &A

13 10.2 7.74 6.73 5.08 4.0

Army A/E35 ADM PST/ICP ICP DCP AA

Helicopter 5.2 3.83 2.70 2.63 2.38 2.0

Gearbox-I ADM A/E35 PST/ICP ICP AA
11.1 11 7.01 6.83 4.0
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TABLE 25

ADM IRON VALUE AND PERCENT LOSS DUE TO 3 MICRON MEMBRANE FILTERING FOR
VARIOUS MEASURING TECHNIQUES ARRANGED FROM HIGH TO LOW PERCENT LOSS

ADM

Sample PPM Percent Loss due to 3 Micron Filtrationa

H-66 13.b ADM A/E35 AA DCP ICP
2 0 0 (1) (1)

H-5 22.2 ICP AA DCP ADM A/E35
8 8 5 4 0

H-26 23.2 ADM AA A/E35 DCP ICP

9 8 3 3 0

H-24 23.8 ADM ICP A/E35 DCP AA
2 1 0 (1) (8)

H-55 23.3 AA ADM ICP PST/ICP DCP A/E35
23 11 3 3 3 1

H-67 13.4 A/E35 DCP ICP ADM AA
24 4 3 1 0

U-12 9.41 ADM DCP PST/ICP ICP A/E35 AA

8 4 3 0 0 0

H-30 18.1 ADM PST/ICP A/E35 ICP DCP AA

2 1 0 (1) (6) (15)

H-84 45.7 ADM DCP ICP AA A/E35 PST/ICP
49 40 37 32 14 14

H-13 15.1 AA DCP ICP ADM A/E35
10 5 4 3 1

H-61 17.0 DCP ADM ICP A/E35
5 3 (3) 0

H-6 15.6 ADM ICP A/E35 DCP AA PST/ICP
19 6 4 4 0 (1)

H-54 14.5 AA ADM PST/ICP A/E35 ICP

11 8 6 5 (4)

H-89 35.6 PST/ICP A/E35 ADM DCP ICP AA

2.0 0 (1) (1) (2) (5)

H-47 17.8 A/935 DCP AK ADM ICP
15 7 0 (2) (9)
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TABL 25 (CONCLUDZD)

H-20 39.8 ADM AA A/E35 DCP ICP PST/ICP
46 42 31 31 30 0

P-71 60.7 ADM DCP ICP AA A/35 PST/ICP
55 38 33 21 (23) (53)

P-43 58.2 AA ADM A/E35 PST/ICP ICP DCP
3 2 1 1 0 (1)

P-108 7.0 ADM A/35 AA ICP DCP
0 0 (1) (1) (9)

P-81 23.2 DCP ADM ICP AA A/E35
38 9 9 8 4

P-ill 21.4 DCP AA ADM A/35 ICP
43 38 37 29 3

P-i0 5.0 ICP AL DCP ADM A/335
6 2 1 0 0

P-5 15.4 A/335 ADM AA ICP
3 2 0 (3)

F-41 6.36 ADM ICP A/E35 AA DCP
9 2 0 0 0

Navy Com. 7.22 ADM /E35 ICP AA PST/ICP DCP
14 6 2 0 0 0

Gearbox-2 10.2 ADM A/E35 ICP AA PST/ICP DCP
38 8 1 0 0 (22)

Army 3.83 ADM PST/ICP DCP A/335 ICP AA
Helicopter 21 10 5 2 0 0

Gearbox-I 11.1 ADM AA ICP PST/ICP A/335
40 0 (2) (3) (9)

avalues in ( ) gives a % increase in value after filtering
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e. SOAP "Routine" Sample Data

The original iron content and iron loss due to 3 micron filtering and

the ranking of these data from high to low with respect to each analysis

technique are included in Tables 23 thru 25 and are very similar to the data

for the "Hit" samples. The rankings for each analysis technique for the

membrane filtered SOAP "Routine" samples based on iron content is given in

Table 29. The ADM and A/335 analyses rank seventh and eighth 75% of the time

while ICP analyses ranked sixth 60% of the time and DCP and AA ranked below

sixth 65% of the time. These rankings are similar for the "Hit" and MFR

sample rankings. The rankings of these analyses based on percent iron loss

due to filtering are given in Table 30 with the data being very similar to

that of the "Hit" sample data in that rankings of all techniques with the

exception of ADM analyses are more evenly ranked. ADH analyses ranked

seventh or eighth 80% of the time.

A complete summary of all the test data for the membrane filtered

"Routine" SOAP samples is given in Table 31. These data are similar to that

obtained for the membrane filtered "Hit" samples which show close ADM and

A/E35 values for initial iron content while ICP, DCP and AA values are

slightly lower. However, the values for iron loss due to filtering are less

than half of the ADM loss for all other analyses techniques except DCP. This

was not true for all the data for the NPR filtered samples.

f. Correlation of MFR Test Rig Data and SOAP Data

A summary of average rankings of the different analyse' techniques

for various sample groups is given in Table 32. The data for initial iron

content show that the rankings are about the same for all sample groups

considering that only five analysis techniques were conducted on the membrane

filtered samples. The data for percent iron loss show a much more equal
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MO~LE 32

SUNNRRY CW AVERWM PAIMM OF DIFlFI~
AN&LXIS 71MUES EUM VAMI(XS SAMMI GP

Notbod of Analysis

Sample Grovz AID4 A/LIA PW A/E35 ICP AI PST/ICP DCP

Irm Content Data

12 NFR Tsts, 7 Analysis 5.7 7.3 5.4 6.3 4.5 3.0 3.1 -

8 MER Tests, 8 Analysis 5.3 7.0 5.7 6.0 3.9 2.6 2.1 3.3

8 MR Samples Not Pilt. 6.3 7.1 5.3 6.8 4.3 3.4 - -

14 Mautcnx Filt. -H- Salp. 7.3 - - 7.6 5.8 3.9 - 4.9

10 ans Filt. R Saup. 6.6 - - 7.4 6.0 5.0 - 5.2

%Iron Loss Due to Filtering Data

12 NER Tests, 7 analymes 6.7 6.2 6.2 4.8 4.6 4.2 3.0 -

8 HE R Teste, 8 Analyses 6.9 5.8 6.0 4.8 4.1 2.6 2.4 4.4

14 Nombre Flt. "9 Sanp. 7.1 - - 5.7 5.7 6.5 - 6.5

10 Mledara Fllt. -W Saup. 7.3 - - 5.2 6.1 6.1 - 6.5
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distribution of rankings for the membrane filtered samples than the rankings

for the MFR samples. The data presented in Table 33 show that this is most

probably due to less sensitivity to larger particles of the lower ranked

techniques.

The data in Table 33 give a summary of ratios of total iron content

and percent 4.ron loss for various sample groups to ADM values. These data

also show that ICP, AA and PST/ICP analysis techniques have lower sensitivity

(analysis capability) to large particles than ADM, PWMA or the emission

spectrographic techniques when considering total iron content data. The

difference between the percent loss ratio values for the membrane filtered

"Hit" and "Routine" samples using A/Z35, ICP and AA analysis techniques is

not clear. This difference was not observed with the DCP data. If the "Hit"

samples had a larger particle size distribution, then the percent loss ratios

values should be higher for the "Hit" samples than for the "Routine" samples.

However, the percent iron loss between the two SOAP sample groups was

slightly higher (19%) for the "Routine" samples than for the "Hit" samples

(11%) as determined by ADm analyses (Reference Tables 28 and 31). These data

suggest that higher iron values and high rates of iron increases responsible

for "Hit Samples" were not due to a large increase in the generation of

larger wear particles and that three micron filtration should not prevent the

use of SOAP.

The correlation of membrane filtration loss of iron from particle

size distribution data and iron loss due to microfiltration rig testing using

the various analysis techniques are given in Table 34. These data show that

the efficiency of the three micron operational filter in removing wear debris

is equal to and in most cases is better than the laboratory 3 micron membrane

filter. This is to be expected since the operational filter is a depth
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filter. Also the data show that the PST/ICP analysis technique is not

detecting large particles.

The data in Table 35 give a correlation between rankings of ADM iron

content, ADM iron loss due to three micron membrane and MFR filtering and

decreases in L/S Ferrograph values due to MFR filtering. These data show

good correlation between decreases in L/S Ferrograph aaies and percent loss

due to filtration either by membrane or test rig filtering for leven of the

twelve samples. These data show no correlation between initial ADM iron

content and percent loss due to filtration or in the L/S ferrograph values.

g. Analysis of Wear Metals Other Than Iron

Very few MFR samples contained any significant concentrations of wear

metals other than iron as shown by the data in Appendix A. Silicon metal was

present in several of the samples with the concentrations not being reduced

by filtration. However, other studies have shown most silicon values are due

to silicone contamination which is not filterable. Sample MFR-5-A

(automotive oil) had very large quantities of Al, Cu, Mg and Pb with the

concentrations of these metals not being affected by filtration. Samples

MFR-6-A thru MFR-9-A contained 3 to 30 ppm Mg and with samples MFR-6-A,

MFR-8-A and MFR-9-A containing 1 to 3 ppm Cu. Again, filtration did not

reduce the concentrations of these metals. This could be due not only to

small particle size but part of the metals being in solution after reaction

with oil breakdown products.

Some of the SOAP samples (Appendix A) contained 1 to 3 ppm Ag, 1 to

30 ppm Mg, 1 to 10 ppm Cu and 1 to 20 ppm Pb. These metals may have been

dissolved since the three micron membrane filtration had only a very slight

effect on reducing the concentration of the values for any samples.

The above data indicate that the use of 3 micron absolute filters
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would primarily affect only the iron concentrations of lubricant systems.

h. Wear Metal Trending of SOAP Samples
Using AE and ICP Spectrometric Analysis

Four hundred eighty four residual SOAP samples were submitted by the

base level operating activities described in Section III including their AZ

spectrometric analyses of the samples for additional studies. ICP

spectrometric analyses were conducted on these residual SOAP samples for

determining if any differences in "trendingw could be established by using

either of the two analysis techniques and for comparing data obtained on

lubricant systems having "fine" filtration when using both AE and ICP

spectroscopy. These 484 samples were obtained from 9 type of engines and

from 2 transmission systems and two gearbox systems. Table 36 gives a

summary and comparison of the AE and ICP analyses along with other pertinent

information relative to the various lubricant systems. Complete test data

for these samples including system serial numbers, hours since overhaul and

hours since oil change are given in Appendix B.

Based upon information provided by the operating activities all

engine lubricant systems utilized 10 micron oil filters except for the

F404-GE-400 engines which utilized 5 micron filters.

The SH-60B helicopter transmission lubricant systems and the

F404-GE-400 engine lubricant systems were the only systems from which a

significant total number of samples were obtained or systems from which

consecutive samples were obtained. No increasing iron trends occurred for

any of the consecutive sample series which should not be surprising since

none of the lube systems being monitored were reported as having any problems

during the monitoring period. The average ratio of AE iron to ICP iron

values of the 484 samples summarized in Table 36 is very close to the average
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of the AE and ICP iron ratio values for the MFR samples and all three micron

membrane filtered samples. These AE/ICP ratios were 1.7 + 0.5 for the MFR

and membrane filter samples and 2.0 + 0.7 for the SOAP monitoring samples

with the one exception of the F404-GE-400 engines which had an AE/ICP iron

ratio of 4.4. This ratio is probably high since many of the AE analyses were

conducted on'the high range setting of the AE spectrometer (the ICP iron

range was 0. 40 to 0.63 for these engines).

The trace metal concentration of elements Ag, Al, Cr, Cu, Mg, Ni and

Si for all the 13 lubricant systems monitored and shown on Table 36 is low

using either the AE or ICP analysis technique with the AE analysis usually

being slightly higher. Although most Ti values are low, Ti analyses

conducted by AE spectroscopy are usually much higher than the corresponding

ICP values.

Analyses for Pb and Sn are not shown in Table 36 due to a small

number of intermittent unexplained very high ICP values of Pb and the Sn

enhancement when using AE spectroscopy for specific formulations of ester

base lubricants. overall, monitoring of the 13 lubricant systems shown in

Table 36 gave low analysis values for all metals, no iron "trending" data for

either analysis technique and with the similarity between the AE data and ICP

data being about the same as that shown by the corresponding data obtained on

the MFR and membrane filtered samples.

However, other useful information was obtained from this part of the

program. First it was demonstrated that the ICP values of the collected

samples consistently equaled the modified AE values performed by SOAP

personnel. A/E35 results are usually 1.7 to 2.0 higher than the ICP or AA

results due to the dissimilarity of the sample and standard matrices.

oxygen containing lubricants enhance the emission signal. since the oil
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standards are prepared in hydrocarbon oils, any hydrocarbon oil sample

analyzed by A/E35 would give an accurate value. However, an ester oil sample

is an oxygen containing lubricant and its analysis by A/E35 would usually

give 1.7 to 2.0 higher than a hydrocarbon oil sample. Thus, applying a

correction factor to the A/E35 trending limits used by SOAP could produce

initial SOAP trending limits similar to ICP and AA trending limits. Second,

it was determined that the used gas turbine engine oils contained fibrous

material which clogged the sample tube of the ICP nebulizer. Consequently,

design changes need to be made in the sample tube-nebulizer connection to

limit accumulation of material extending the time between nebulizer cleanings

and restandardizations. Third, the plasma source extinguished rapidly when

the sample tube was allowed to fill with air. consequently, solvent

(kerosene or water) will need to be nebulized constantly if the source is to

be maintained between series of samples resulting in increased argon usage

and waste accumulation.
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SECTION V

CONCLUSIONS

The initial evaluation of the ICP spectrometer demonstrated that the

experimental and instrumental conditions of the ICP emission spectrometer

need to be optimized for the Joint Oil Analysis Program (AFOAP, AOAP and

NOAP). For oil analysis programs concerned primarily with gas turbine engine

oil analyses, the ICP procedure should be optimized for analyses of

ester-based oils (standards prepared in ester oils) with low levels of wear

debris (longer flush times) present in a wide range of particle sizes (plasma

height optimization, particle detection capability). Whereas, oil analysis

programs concerned primarily with internal combustion engine lubricant

analyses, the ICP procedure should be optimized for analyses of

hydrocarbon-based oils (concomitant element effects from additive packages)

with high levels of wear debris and additives (less sensitive spectral lines

for increased linearity ranges and plasma height optimization) and high

levels of contaminants (more frequent standardization checks).

For this study the majority of the samples analyzed by the ICP

spectrometer were used gas turbine engine oil samples obtained from normally

operating engines with particle sizes below 3 micron. Therefore, the

following parameters were used to optimize the ICP spectrometer for

evaluation:
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Dilution Ratio: 1 : 9 (oil sample : kerosene)
Flush Time: 100 seconds (to ensure removal of particles)
Inlet Argon Pressure: 60 psig
Sample Introduction: Manual
Standard: 10 ppm Air Force Standard (50 ppm used if

10 ppm samples analyzed)
Restandardization: Every ten samples*

*ICP had to be restandardized every 10 samples due to fibrous material
collecting in, and eventually clogging, the nebulizer sample tube.
Every 30-40 samples the nebulizer was cleaned with a thin wire to
prevent clogging of the sample tube.

The comparative study of the various analysis techniques has indicated

that microfiltration could have a small effect on spectrometric oil analysis

results. Although no abnormal operating engines were monitored during this

program, the use of previously obtained SOAP samples showed that the abnormal

operating engines (Hit samples) had approximately 9% less iron particles,

greater than 3 microns, than the routine or normal samples (25.2% greater

than 3 micron for the Routine samples versus 16.3% greater than 3 micron for

the Hit samples).

Considering the data from all sample groups, all analysis techniques

investigated (except ferrography and the acid dissolution method) were iron

particle size sensitive with none showing significant improvement over the

currently used emission spectrometric technique with respect to analyzing

large particles.

None of the analytical analysis techniques investigated offered any

improvement over the currently used emission technique with respect to

monitoring capability with or without microfiltration, analysis time or

analysis cost, or person-power.

The study has shown that the use of "in-laboratory" automatic sampling

must be avoided unless sample agitation can be incorporated.
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Although the analytical ferrograph showed good correlation with iron

particle size as well as total iron concentration it is not recoended that

ferrography be used for the routine analysis of all SOAP samples due to

analysis time and cost. However, ferrography could be useful in

supplementing the current SOA programs where specific lubricant related

problem areas exist.
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SECTION VI

RECOMMENDATIONS

This study has shown that future research for improving the monitoring

capability of lubricant systems through the use of diagnostic methods for

wear metal analyses would be beat directed towards the following areas.

Abnormal operating engines or lubricant systems which were not detected

by SOAP should be drained and all the drained oil submitted to an appropriate

laboratory for an in-depth evaluation including wear particle size

distribution measurements. Associated lubricant filters should be included

for analyses. The data obtained from this type study would identify the

reasons for the SOAP misses and identify specific type of measurements or

data evaluation techniques which would reduce the number of SOAP misses.

Research effort should be directed towards improving the currently used

atomic emission spectrometric technique. These improvements would include

such factors as instrument and calibration stability, reduced instrument down

time, reducing zepair costs and equipment modifications such as incorporating

computers for updating data acquisition and data evaluation capability.
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APPENDIX A

MICROFILTRATION TEST RIG DATA

Appendix A contains all analyses conducted on all samples obtained from the

microfiltration test rig. This test data is tabulated as follows

TABLE A-1. ACID DISSOLUTION (ADM) ANALYSIS USING ADM/ICP

TABLE A-2. ATOMIC EMISSION SPECTROMETRIC ANALYSIS (A/E 35U-3)

TABLE A-3. ATOMIC EMISSION SPECTROMETRIC ANALYSIS (J.A. 44181)

TABLE A-4. INDUCTIVELY COUPLED PLASMA (ICP) SPECTROMETRIC ANALYSIS

TABLE A-5. INDUCTIVELY COUPLED PLASMA (PST/ICP) ANALYSIS

TABLE A-6 ATOMIC ABSORPTION SPECTROMETRIC ANALYSIS

TABLE A-7. PORTABLE WEAR METAL ANALYZER (PWMA) ANALYSIS

TABLE A-8. DIRECT CURRENT PLASMA (DCP) SPECTROMETRIC ANALYSIS

TABLE A-9. PARTICLE SIZE DISTRIBUTION USING ADM/AA

TABLE A-10. ANALYTICAL FERROGRAPH DATA
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TABLE A-1

Acid Dissolution (ADH)- Analysis IVsina ADMi/ICP
(Values in ppm) -

Sample Fe Ag A] Cr Cu Mg NI Pb Si Sn Ti

MFR-1-A-1 31.8 0.53 0.00 0.40 5.69

-1-A-2 10.8 0.00 0.15 2.94

-1-B-i

- 1-C-i

-1-C-2 - - - - - - - - - - - - - -

-1-D-1

-1-D-2

MFR-2-A-1 5.4 1.22 ).54 8.57

-2-A-2 29.7 0.89 ).36 6.22
-2-B-1

-2-B-2

-2-C-1

-2-C-2

=- - - - - - - - - --,

MFR-3-A-I 13.8 0.1 ).09 ).12 10.2c

-3-A-2 11.5 P.14 9.81
- ~- -, - --=a - -

-3-B-1

-3-B-2

-3-C-1

-3-C-2
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TABLE ,- 1 COM'D

Acid Dissolution (AOM) Analysi.t Usina ADd/ICP
(Values 4n ppm) -

Sample Fe Ag Al Cr Cu Pbg N i Si Sn Ti

MFR-4-A-1 26.0 r.00 1.33 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00

-4-A-2 D.21 0.00 0.00 0.00 .00 .0 .00 0.00 D .00 .00UO .00

-4-B-1 4.30 0.00 0.23 0.20 0.00 0.00 .00 0.00 0.00 .00 0.00

-4-B-2 0.32 0.00 0.00 0.00 0.00 .00 0.00 0.00 .00 .00 0.00

-4-C-1 - - - - I - - - - - . -
-4-C2 -

-4-C-2 0.38 0.0 0.00 0.00 0.00 0.00 0.00 0.00 .00 3.00 .00

-4-0-1 1.8" 0.00 0.00 0.00 0.00 0.00 0.00 D.00 ).00 ).00 .0

-4-0-2 0.3 0.0 0.0 0.00 0.00 0.00 0.00 0.00 .00 0.00 0.00

NFR-5-A-1 110 0.0( 13.4 4.82 43.2 557 1.82 69.5 37.4 2.83 0.00

-5-A-2 ?8.7 0.0( 11.4 4.10 40.3 556 1.63 68.4 36.8 1.32 0.00

-5-8-i 105 0.00 12.8 5.11141.9 543 1.19 7.4 38.5 1.99 0.00

-5-8-2 )5.4 0.00 11.9 4.32 40.3 542 1.17 6.5 37.9 1.35 0.00

-5-C-I 101 0.00 11.2 5.00140.0 550 1.32 7.4 39.1 1.83 0.00

-5-C-2 97.3 0.00 11.6 4.80 39.8 48 1.19 65.4 37.5 1.49 0.00

-5-D-1 99.5 0.00111.3 5.13 40.1 49 1.23 67.1 40.1 1.75 0.00

-5-D-2 98.5 0.00 11.4 4.91 39.0 45 1.08 66.3 38.1 1.61 0.00

14FR-6-A-1 7.41 0.31 1.93 0.72 1.91 2.33 0.24 1.00 4.21 0.00 0.00

-6-A-2 4.62 0.03 1.82 0.41 1.53 1.61 0.03 2.01 3.40 0.00 0.00

-6-B-1 4.93 0.41 0.92 0.53 1.64 1.65 0.10 0.90 3.51 0.63 0.00
o a - - - - -- -- - .,..---,

-6-B-2 3.93 0.40 1.13 0.34 1.45 1.42 0.00 1.04 3.23 0.24 0.00

-6-C-1 4.31 0.51 0.93 0.42 1.54 1.50 0.00 0.71 3.50 0.00 0.00

-6-C-2 3.93 0.53 1.03 0.32 1.41 1.54 0.21 0.80 3.23 .00 0.00

-6-0-1 4.01 0.49 1.12 0.23 1.52 1.57 0.13 0.92 3.81 .00 0.00

-6-D-2 3.75 0.40 0.88 0.31 1.48 1.39 0.00 0.81 3.10 1.00 0.00
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TABLE A-1 CO T'T

Acid Dissolution (AOM Analysis Usina ADIM/ICP
(Values in ppm)

Sample Fe Ag Al Cr Cu t.g Ni Pb Si Sn Ti

MFR-7-A-1 0.61 0.00 0.10 0.41 .00 0.90 O.00 0.00 0.00 0.00 0.00

-7-A-2 0.41 0.00 0.10 10.31 .00 b.80 ).00 0.00 0.00 0.0010.00

MFR-8-A-1 i 10.1 0.51 1.63 0.83 1.21 8.82 0.33 1.10 1.81 0.05 0.04

-8-A-2 11.8 0.10 1.92 1.01 1.40 10.6 0.52 0.30 1.33 :0.03 0.01

-8-B-1 11.0 0.40 1.36 1.15 1.34 10.0 .34 0.44 1.15 0.43 0.00

-8-B-2 10.2 0.20 1.13 0.81 1.10 9.34 .35 0.36 0.80 0.00 0.00

-8-C-1 11.1 0.13 1.21 1.23 1.08 10.1 0.41 0.2 1.2 0.0 O0.00

-8-C-2 11.0 0.21 1.23 1.01 1.44 9.93 0.42 0.2 1.41 0.01 0.02

MFR-9-A-1 3.41 0.00 0.51 0.91 1.47 1.58 P.00 1.54 1.01 0.00 0.00

-9-A-2 3.61 0.00 0.54 0.81 1.56 1.66 0.00 1.39 1.13 0.19 0.00

-9-B-1 3.2 0.00 0.48 0.781 1.61 1.49 0.00 0.63 1.23 0.00 0.00

-9-B-2 3.3 0.00 0.41 0.59 1.53 1.34 10.00 0.21 1.09 0.00 0.00

-9-C-i 3.15 0.04 0.51 0.69 1.58 1.71 0.00 0.9 0.98 0.0 0.00a a- - .

-9-C-2 3.04 0.0 0.38 0.71 1.52 1.32 0.00 0.3 0.89 0. 0.00 .

MFR-10-A-1 6.1 0. 0.00 0.34 0.10 0.10 0.00 0. 16.3 !0.0 0.00

-l0-A-2 3.3 0.0 0.00 0.00 0.00 0.00 0.00 0.0q 11.8 0.00 0.00

-10-B-1 5.31 0. 0.00 0.00 0.00 0.00 .00 0. 12.1 0.001 0.00 -

-10-B-2 3.i 0. 0.00 0.00 0.0010.00 .00 0.0 10.1 0.0 0.00

-10-C-1 4.3 0. 0.00 0.00 0.00 0.00 .00 0. 17.2 0.0 0.00

-10-C-2 2.51 0.0( 0.00 0.00 0.00 0.00 0.00 0. 7.28 0.0 0.00

MFR-11 0.61 0.01 0.00 0.10 0.21 0.21 1.24 0. 1.70 0.0 0.00

MFR-12 2.6 0. 0.00 0.21 0.24 0.24 .00 0.0 0.81 0.0 0.00
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TABLE A-I CONCLUDED

Acid Dissolution (AM)- Analysis Usina AIM/ICP
(Values in ppm) -

Sample Fe Ag Al Cr Cu Ng Hi Pb Si Sn Ti

MFR-13 2.81 0.21 0.89 0.11 0.81 0.32 0.00 0.00 7.31 O.OC 0.00
- - - - - --- -- -I-

MFR-14 3.70 0.00 10.2 1.00 1.10 1.40 1.80 .00 1.2 0.0 0.00

MFR-15 5.12 0.00 0.00 0.4110.42 0.00 0.32 .53 1.12 0.01 0.09

Il - L- - - I - - - -

14FR-18-A-1 5.31 0.3 0.50 0.39 0.94 0.34 0.88 0.37 0.88 0.00 0.00

-18-A-2 1.63 0.0 0.38 0.31 0.00 0.00 1.01 0.00 0.90 0.00 0.0

-18-B-1 2.1( 0.11 0.59 C -5 0.21 0.00 0.12 0.72 0.83 0.00 0.0

-18-B-2 1.1 0.0 0.00 0.19 0.00 0.0010.51 0.31 0.75 O.O 0.0

-18-C-1 1.3 0.0 0.31 0.21 0.31 0.1210.31 0.59 0.99 0.00 0.0

-18-C-2 1.1 0.0 0.12 0.14 0.09 0.0910.21 0.43 0.74 0.00 0.0-

MFR-19 7.51 O.Od 1.23 0.19 0.32 8.4510.00 0.00 1.54 0.31 O.OC

- - -,- -iia -

MFR-20 15.2 0.91 0.81 1.54 0.00 0.51 0.00 0.00 1.13 0.0 0.0(

MFR-21 8.53 0.20 0.4 0.31 0.45 0.21 0.10 0.00 0.10 0.00 0.0(

MFR-22-A-1 .57 0. 0.5 0.44 0.57 2.08 0.36 0.00 0.89 O.O 0.00

-22-A-2 .18 0.0 0.4 0.21 0.41 1.05 0.16 0.00 0.15 0.00 0.(

-22-B-1 7.99 OD0 0.41 0.3S 0.42 1.53 0.30 0.00 0.53 0.0 :0,0

-22-B-2 6.85 0. 0.41 0.31 0.31 1.03 0.14 0.00 0.14 0.0 O.O

-22-C-1 7.00 0.0 0.51 0.5( 0. 0.98 0.28 0.00 0.49 0. 0.0(

-22-C-2 6.54 0.0 0.39 0.38 0.35 0.85 0.17 0.00 0.17 0.0 0.0(

-22-D-1 6.90 O.OC 0.53 0.49 0.31 1.15 0.18 0.00 0.51 0. 0.0(

-22-1-2 6.81 0.00 0.38 D.29 0.28 0.81 0.19 0.00 0.19 0.0 0.0
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TABLE A-2

Atomic Emission Spectrometric An lysis (A/E35U-3)
(Values in p- - -

Sample Fe Ag Al Cr Cu Mg NI Pb Si Sn Ti
- -- -- - I- --

:4FR-1-A-I 25 0.0 0.0 0.0 0,0 1.0 0,0 0.0 7.0 4,5 0.0
-1 - - - 0 0 5 -.

-1-A-2 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 5.0 0.0
- - 8.0 .0 --------------------------

-1-B-I 9.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 5.0 0.0

-1-8-2 . 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 5.5 0.0

-1-C-i 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 5.0 0.0

-- C-2 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 5.0 0.0
-i m - --,,- --- --

-- D- 49.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 5.0 0.0
---2 11 0.0 0.0 1-0.0 0.0 0.0 0.0 0.0 6.0 6.0 0.0

-2-C-1 12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 6.0 0.0

-2-A-2 62 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5 6.5 0.0

-2-A-2 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 5.5 0.0

-2-B-1 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 5.0 0.0

-3-B-2 -0 0. 0.- -.0 -.0 -0 00 -0 -6 55 00-

-2-C-1 41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 6.0 0.0

-2-C-2 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.5 6.5 0.0

MFR-3-A-1 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16C 8. 0.0

-4-A-2 37 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6. 6.5 0.0

-4-8-1 201 0.01 0.0 0.0 0.0 ! 0.0 0.0 0.0 16.5.5 0.0

MF-3-A-1 220 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 6.0 0.0

-3-C-2 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16 5.5 0.0

H-4-A-i 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.5.5 0.0 __

-4-A-2 20 0.0 0.0 0.0~ 0.0 0.0 0.0 0.0 16.5.5 0.0 - -

-3-C-i 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 160 6 0.0

-4-8-2 1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 8 0.0
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TABLE A-2 C(NT'T

Atomic Emission Spectrometric Analysis (A/E35U-3)
- (Values n pin2n - -...

SamplIe Fe Ag Al Cr Cu Mg N i Pb SI Sn T I
- - -- - = - - - - - -ll

MFR-4-C-l -

-4-C-2 1.3 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.3 0.0
-4-D-1 2.0 01 0.0 0.0 0.0 0.0 0.2 0.0 0.0 7.4 10.0

-4-D-2 0.3 0.1 0.0 0.0 0.0 0.0 0.3 0.0 0.0 7.5 0.0

WR-S-A-1 94 0.0 16 4.9 49 483 .0 9 34 2.7 0.0

-5-A-2 89 0.01 14 4.9 47 456 1.4 84 33 2.I 1o.0
-5-8-1 93 0.0 15 5.3 149 482 1.3 87 35 3.71 0.0_
-5-B-2 95 0.0 14 4.8 49 500 0.7 88 -3 3.- 0.
-5-C-1 94 0.0 15 4.9 49 499 1.0 88 35 2.8 0.0

-5-C-2 97 0.0 15 5.2 51 533 1.2 90 36 4.0 0.0
-5-D-1 100 0.0 15 5.0 49 475 0.5 90 32 3.5 0.0

-5-D-2 104 0.0 15 5.0 50 490 0.5 92 34 4.0 0.0

MFR-6-A-1 11 1.0 0.0 0.0 4.0 4.0 0.5 0.0 7.0 8.0 1.5

-6-A-2 90 0.0 0.5 4.0 4.0 1.0 0.0 6.0 7.5 1.0

-6-B-1 10 1.0 0.0 -0.5 4.0 4.0 1.0 0.0 6.0 8.5 .1.0

-6-B-2 10 1. 0.0 1.0 4.0 4.0 1.0 0.0 6.0 8.0 1.0

-6-C-1 10 1.0 0.0 0.5 4.5 4.0 0.5 0.0 6.0 7.5 1.0

-6-C-2 10 1. 0.0 1.0 4.0 4.0 1.0 0.0 6.0 8.5 1.0

-6-A-1 10 1.0 0.0 1.0 4.0 4.0 1.0 0.0 7.0 7.5 1.0

-6-D-2 10 1. 0.0 0.5 4.0 4.0 1.0 0.0 6.0 8.0 1.0

FR-7-A-i 0 .0 0.0 0.5 0.0 2.0 0.0 0.0 6.0 1.0

-7-A-2 1.5 0.0 0.0 0.5 0.0 2.0 0.0 0.0 0.0 7.0 1.5
-7-B-1 2.0 0.0 0.0 0.0 1.0 2.0 0.0 0.0 0.0 7.0 1.0

-7-B-2 1.5 0.0 0.0 0.5 0.0 2.0 0.0 0.0 0.0 6.0 1.5
.0 0.1.0
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TABLE A-2 (X)NVT

Atomic Emission Spictrometric Anllysis (A/E35U-3)
-a I ues in ppnj

Sample Fe Ag Al Cr Cu Mg NI Pb Si Sn Ti

MFR-7-C-1 2.0 0.0 0.0 .5 0.5 2.0 0.5 0.0 0.0 6.5 1.0

-7-C-2 2.0 0.0 0.0 1.0 0.0 2.0 0.5 0.0 0.0 7.0 1.0

FR-8-A- 27- 1.0 0.0 2.0 4.0 27 1.5 1.0 .5.5 6.0 1.0

-8-A-2 21 1.0 0.0 2.0 4.0 28 1.5 0.0 2.5 1.0 1.0

-8-B-1 27 1.0 0.0 1.5 4.0 28 1.5 0.0 3.0 6.0 1.0

-8-B-2 25 1.0 0.0 2.0 4.0 25 1.0 0.0 3.0 5.5 1.0

-8-C-1 26 1.0 0.0 2.0 4.0 26 1.0 0.0 4.0 7.0 1.0
-8-C-2 26 1.0 0.0 1.5 4.0 28 1.0 0.0 4.0 6.5 1.0

MFR-9-A-1 .6 0.0 0.0 0.6 2.1 3.1 0.0 0.0 1.1 7.3 0.8

-9A-2 .7 0.0 0.0 0.6 2.1 2.8 0.0 0.0 0.8 7.4 0.8

-9-B-1 5.3 0.0 0.0 0.5 2.0 2.9 0.0 0.0 0.7 7.1 0.8

-9-8-2 5.2 0.0 0.0 0.6 2.1 2.8 0.0 0.0 0.6 7.5 0.7

-9-C-1 5.5 0.0 0.0 0.4 2.1 2.9 0.0 0.0 0.7 7.5 0.8

-9-C-2 5.0 0.0 0.0 0.4 1.9 2.6 0.0 0.0 0.7 7.1 0.5

IFR-10-A-1 4 0 0 0 0 0 0 0 22 - 0

-10-A-2 2 0 0 0 0 0 0 0 20 - 0

-10-B-1 3 0 0 0 0 0 0 0 21 1

-10-B-2 f 0 0 0 0 0 0 0 23 - 0

-10-C-I 3 0 0 0 0 0 0 0 21 - 0

-10-C-2 3 0 0 0 0 0 0 0 22 - 0

HFR-11 .3 10.2 0.0 0.0 0.0 0.0 0.0 0.0 5.7 7.6 0.8

MFR-12 .0 0.3 0.0 0.0 0.2 0.0 0.0 0.0 11.8 7.7 0.9
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TABLE A-2 a0NrT

Atomic Emission Spectrometric Anilysis (A/E35U-3)
- - Values in i

Sample Fe Ag 'A] Cr Cu Mg Ni Pb Si Sn Ti

MFR-13 2 0 0 0 3 0 0 9 5 - 0

HFR-14 5 0 11 0 1 1 2 0 1 - 0

MFR- 15 3 0 0 0 0 0 0 0 1 - 0

MFR-16 28 0 0 0 10 0 0 24 2 12 0

MFR-17 7 0 0 0 28 0 0 0 3 10 1

MFR-18-A-1 3.2 0.0 1.2 0.0 0.2 0.0 0.0 0.1 1.1 5.8 0.0

-18-A-2 1.8 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.9 5.5 0.0

-18-B-1 2.4 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 5.8 0.0
B-2 -4 0- -1 00 0 -

-18-B-2 1.4 0.0 1.1 0.0 0.0 0.0 0.0 0.0 1.0 5.9 0.0
-18-C-1 1.8 0.0 1.0 0.0 0.0 0.0 0.0 0.0 1.0 6.2 0.0

-18-C-2 1.6 0.0 1.2 0.0 0.0 0.0 0.0 0.0 1.2 6.4 0.0

MFR-19 20 0.0 0.I 0.6 0.2 26 0.4 0.0 26 11 0.7

4FR-20 48 2 0 3 0 0 0 3 0 11 1

MFR-21 16. 0.4 0.0 0.2 0.8 0.0 0.8 0.6 1.0 7.4 0.5

MFR-22-A-1 17 0.2 0.0 0.0 0.8 3.6 0.0 0.0 1.1 5.1 0.4

-22-A-2 15 0.0 0.0 0.0 0.6 1.8 0.0 0.0 1.0 5.8 0.5

-22-B-1 15 0.0 0.0 0.0 0.6 2.3 0.0 1.5 0.0 4.91 0.3

-22-8-2 15 0.0 0.0 0.0 0.8 1.6 0.2 0.0 0.9 5.5 0.4
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TABLE A-2 coNCLDED

Atomic Emission Spectrometric Analysis (A/E35U-3)
(Values in ppm

Sample Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-22-C-1 14 0.0 0.0 0.0 0.6 1.5 0.0 0.0 0.8 5.3 0.3
2 -00 -0 13 05 12 1

-22-C-2 14 0.0 0.0 0.3 0.5 1.2 0.5 0.2 1.2 6.3 0.5
-22-D-1 14 0.0 0.0 0.0 0.7 1.2 0.3 0.0 1.1 6.5 0.7 - -

-22-0-2 13 0.0 0.0 0.0 0.5 1.0 0.0 0.0 0.8 6.0 0.6

-- 11-3

%



TABLE A-3

t :

Atomic Emission Spectrometric Analysts (J.A. 44181)
,. -va es ii --

Sample Fe Ag Al Cr Cu 1g NI Pb : SI Sn Ti

MFR-1-A-1 25 0.1 0.0 0.0 0.0 0.0 0.0 0.0 5.1 0.0 0.0
-1-A-2 14 0.0 1o.0 0.0 00 0.0 0.0 0.0 5.5 -. 0.0

-1-8-1 16 0.0 10.0 0.0 0.0 0.0 0.0 0.0 3.2 0.0 0.0

-1-B-2 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.7 0.0 0.0

-1-C-1 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.0 0.0

-1-C-2 12 0.0 0.0 0.0 0.00.0 0.00.0 5.9 0.0 1 0.0

-1-D-1 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 0.0 0.0

-1-D-2 13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.7 0.0 0.0

MFR-2-A-1 93! 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 1.9 0.0

-2-A-2 54 0.0 0.0 0.0 0.0 0.0 0.0 4.8 3.1 2.8 0.0

-2-B-1 62 0.0 0.0 O.O0 0.0 0.0 0.01 4.6 2.4 2.4 0.01

-2-B-2 51 0.0 0.0 0.0 0.0 0.0 0.0 3.6 3.5 0.0 0.0

-2-C-1 62 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 2.5 0.0

-2-C-2 51 0.0 0.0 0.0 0.0 0.0 0.0 3.8 1.9 4.3 0.0

MFR-3-A-1 321 0.21 0.0 0.01 0.0 0.3 10.0 0.0 12 0.0 0.0
-3-A-2 27 0.4 0.0 0.0 0.0 0.3 0.0 0.0 10 0.0 0.0

-3-B-1 28 0.2 0.0 0.0 0.0 0.3 0.0 0.0 12 0.0 0.0

-3-B-2 26 0.0 0.0 0.1 0.0 0.2 0.0 0.0 12 0.0 0.0

-3-C-1 28 0.1 0.0 0.1 0.0 0.3 0.0 0.0 13 0.0 0.0

-3-C-2 261 0.2 0.0 0.1 0.0 Or. 2 0.0 0.0 12 00 0.0

FR-4-A-1 17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 1.9 0.0

-4-A-2 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-4-B-1 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0

-4-B-2 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 2.5 0.0

C.0.0

- - - - - - - - - - - - - - - - - -



TABLE A-3 CONT'D

Atomic Emission Spectrometric Analysis (J.A. 44181)(ValvIes ii _oM

Sample Fe Ag AI Cr Cu ig Ni Pb SI Sn Ti

14FR-4-C-1 ND - - I- I- - - - I- - -

-4-C-2 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D 1- -0- -, - - - -

-4-D-l 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-4-D-2 0.0 0.0 '0.0 0.0 0.0 0O.0 0.0 0.0 '0.0 0.0 0.0

f1FR-5-A-I '110 0.0 16 2.3 61 757 0.0 73 40 0.0 0.0

-5-A-2 108 0.0 15 2.0 57 670 0.0 82 40 0.0 0.0

-5-B- 1211 0.0 16 1.8 61 853 0.0 84 40 0.0 0.0

-5-B-2 110 0.0 16 1.6 61 720 0.0 82 40 0.0 0.0

-5-C-1 119 0.0 16 2.3 63 833 0.0 72 40 0.0 0.0

-5-C-2 107 0.0 14 1.9 60 832 10.0 72 40 0.0 0.0

-5-0-1 100 0.0 15 1.7 56 674 0.0 71 40 0.0 0.0

-5-D-2 95 0.0 13 1.3 56 664 0.0 59 37 0.0 0.0

MFR-6-A-I 13 0.4 0.0 0.6 2.3 5.6 0.0 0.0 3.6 0.0 0.0

-6-A-2 11 0.2 0.0 0.6 2.7 5.4 0.0 0.0 3.6 0.0 0.0

-6-B-I 12 0.3 0.0 0.6 2.8 6.0 0.0 0.0 4.4 0.0 0.0

-6-B-2 9.9 0.0 0.0 0.6 2.4 4.7 0.0 0.0 4.0 0.0 0.0

-6-C-I 11 0.2 0.0 0.5 2.6 5.4 0.0 0.0 3.8 0.0 0.0
-6-C-2 10 0. 0.0 0.3 2.5 5.2 0.0 0.0 3.1 0.0 0.0

-6-D-1 10] 0.1 0.0 0.4 2.6 5.1 0.0 0.0 3.9 0.0 0.0

-6-D-2 10 0.0 0.0 0.2 2.6 3.9 0.0 0.0 3.1 0.0 0.0

MFR-7-A-I 0 8  0.0Q 0.0 0.0 0.0 3.2 0.0 10.0 00 0.0 .. 0 . .
- - - - - - - - -

-7-A-2 0.3 0.0 0.0 0.0 0, 3.2 0.0 0.0 0.0 0.0 0.0

-7-B-1 0.5 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 *. _-

-7-B-2 0.4 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0.0.0 0.0
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TABLE A-3 CWT 'D

Atomic Emission Spectrnetric Analysis (J.A. 44181)
.. . .(V a l u.e s i i

Sample Fe Ag Al Cr Cu Mg Ni Pb SI Sn TI

,4FR-8-A-1 28 0.4 0.0 1.0 2.7 29 0.0 - 1.6 0.0

-8-A-2 22 10.3 0.0 0.0 1.5 23 0.0 - 0.0 0.0
-8-13-1 27 0. 0.0 0.8 24 28 0.0 - 1.1 0.0
-8--21 26 0.5 0.0 0.2 2.1 27 0.0 - 0.8 0.0

-8-C-1 26 0.4 0.0 0.2 2.1 26 0.0 - 0.7 0.0

-8-C-2 23 0.3 0.0 0.0 1.8 26 0.0 - 0.7 0.0

/4FR-9-A-1 6.21 0.0 0.01 0.0 1.6 .4.5 0.0 - 0.8 ., 0.0

-9-A-2 4.8 0.0 0 1 0.0 1.2 3.91 0.0 0 .0 - 0.0

-9-B-1 6.1 0.0 0.0 0.0 1.4 5.2 0.0 2.2 - 0.0

-9-B-2 3.5 0.0 0.0 0.0 0.8 3.1 0.0 - o.0 - 0.0
-9-C-1 4.1 0.0 0.0 0.0 1.1 2.8 0.0 - o.0 0.0

-9-C-2 4.5 0.0 0.0 0.0 1.4 3.2 0.0 - 0.0 0.0

FR-I9-A-1 6.1 0.0 0.0 0-3 0.1 0.1 0.0 0.0 16 0.0 0.0

-10-A-2 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12 0.0 0.0

-10-B-1 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11 0.0 0.0

-10-B-2 4.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 17 0.0 0.0

-10-C-1 1.3 ..- - -

-10-C-2 1.2 . . . . .2 .0. .

MFR-11 6.1 0.0 0.0 0.2 0.0 0'.0 0.0 0.0 0.0 0.0 0.0

- -- Se ---------- - - - -

MFR-12 3.3 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-103B 3.3 0.0 0.0 00 0.0 0.0 00 .0 0.0 0.0

. . . . .. . . . . . . . . . . ... .... ~ ~~~... ... ...... .. .. . .. . . . . . . .. .



TABLE A-3 COT'd

Atomic Emission Spectrometric Analysis (J.A. 44181)i(Values Jr D -m)_
Sample Fe Ag Al Cr Cu 149 Ni Pb Si Sn Ti

-•- - - -- - - - ,-, -MFR-14 6.2 0.0 11 1.4 1.2 0.7 0.0 0.0 0.0 0.0 0.0

MFR-15 7.7 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

MFR-16 23 0.0 0.0 0.3 25 0.0 0.0 24 0.0 3.7 0.0

MFR-17 4.7 0.0 0.0 0.3 0.0 22 0.0 0.0 0.0 p.0 0.0

MFR-IP-A-1 8.6 0.3 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-18-A-2 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-18-B-i 4.7 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0. U, 0.0

8-2 3 - -0 0 -0 -0 a

-18-B-2 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-18-C-2 3.1 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-18-C-2 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

MFR-19 17 0.0 0.0 0.0 0.0 23 0.0 0.0 0.0 0.0 0.0

NFR-20 33 0.5 0.0 1.8 0.0 0.4 0.0 0.0 0.0 0.0 0.8

MFR-21 20 0.0 0.0 0.0 0.1 0.9 0.0 0.0 0.0 0.0 0.0

MFR-22-A-1 23 0.0 0.0 0.1 0.2 .1 0.0 0.0 0.0 0.0 0.0

-22-A-2 19 0.0 0.0 0.0 0. 2.8 0.0 0.0 ... - Q4 ..Q.Q
-22-8-1 19 0.0- 0.0 0.2 0. 3.6 0.0 0.0 0.5 .0, - . -

-22-C-2 17 0.0 0.0 0.0 0. 2.5 0.0 0. 0.0

-22-C-1 16 0.0 0.0 0.0 0. 2.5 0.0 0. 0.0 0.0 0.0-2-2 18 0.010.0 0.01 0.0 2.51 0.0 0.0 0.0 0.00.

-22-C -2 - - A - -0-0
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TABLE A-3 CJNCLUDED

Atomic Emission Spectrometric Analysis (J.A. 44181)(Value In o
-- I -

Sample Fe Ag A] Cr Cu Mg NI Pb SI Sn TI

MFR-22-D-1 16 0.0 0.0 0.0 3.0 2.5 0.0 0.0 0.0 0.0 0.0

-22-D-2 16 0.0 0.0 0.0 .0 2.6 0.0 0.0 0.0 0.0 0.0

S- - - --.01

- - -- a a a C S

- a - - -- - - - - - - - - - - - -

-I0-1- - - - - - - - - -



TABLE A-4

inductively Coupled P asma (I P) Spqctrometric Analysis(Vamues in ppm)

Sample Fe Ag Al Cr Cu Mg Ni Pb SI Sn TI
..- |- -- , - --- --- -- -

MFR-1-A-1 9.28 0.00 0.15 0.00 0.12 0.00 0.03 0.00 3.13 0.00 D.00

-1-A-2 6.27 0.00 0.16 0.00 .11 0.00 0.00 0.00 2.59 0.00 .0.0

-i-B-1 6.91 0.00 0.14 0.00 .11 0.0 0.00 0.00 2.79 0.00 .00

-1-8-2 5.92 0.00 0.18 0.00 .12 0.0 O.04 O.00 2.34 0.00 0.00

-1-C-1 6.2 0.00 0.19 0.00 .12 0.0 0.0510.00 2.36 0.00 0.00

-1-C-2 6.07 0.00 0.24 0.00 0.12 0. 0.07 0.00 2.60 0.30 0.00
.- . - . - - m --

-1-D-1 6.0 0.0 0.22 0.00 0.12 0.0 0.06 0.00 2.96 0.00 O.0O

-1-D-2 5.7 0.0 0.22 0.02 0.13 0.0 0.04 0.00 2.33 0.00 0.00

MFR-2-A-1 32. .00 0.15 0.02 0.--, 0.0 0.03 0.00 1.75 0.00 0.00

-2-A-2 21. .00 0.19 0.01 0.13 0. oc 0.06 0.00 2.08 0.00 0.00

-2-B-1 23. 0.00 0.23 0.01 0.12 0. 0~0.0 0. 2.40 0.00 0.00

-2-B-2 18.2 0.00 0.19 0.00 0.16 0.0 0.0 0. 2.18 0.00 0.00

-2-C-1 20.10.00 0.24 0.01 0.15 0.00 0.01 0.0 2.04 0.00 0.00

-2-C-2 18. 0.00 0.23 0.02 0.15 0.00 0.11 0.0 2.19 0.00 0.00

MFR-3-A-l 11. 0.00 0.30 0.30 0.26 0.06 0.01 .0.0( 8.87 0.00 0.00

-3-A-2 10. 0.00 0.31 0.31 0.29 0.07 0.0' 0.0 8.58 0.00 0.00

-3-B-1 10.8 0.00 0.3 0.31 0.28 0.08 0.0; 0.0( 9.41 0.00 0.00
- -- - - - - - -

-3-8-2 10.2 0.00 0.3 0.2 0.27 10.04 0.03 0.0! 8.89 0.00 0.00

-3-C-1 10.6 0.00 0.4 0.25 0.2 0.06 0.01 0.0( 9.09 0.00 0.00

-3-C-2 10.1 0.00 0.2 0.2; 0.2 0.07 0.00 0.00 8.7C 0. 0.00

MFR-4-A-l 643 0.00 0.34 0.1 0. 0..00 0.0010.31 0.32 0. 0.00

-4-A-2 .53 O.O 0.0( 0.01 0.0( 0.QO 0.00 0.00 0.0( 0.0( 0.00
-4-B-1 .25 0. 0.24 0.2 0. 0.00 Q 0.05 0.0 0.0( 0.00

- .35 0.O 0.0 .01 0. 0.00 0.00 0.08 0.Ox 0. 0.
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TABLE A-4 CONT'D

Inductively Coupled P asma (ICP) Spectrometric Analysis
Values in pp--

Sample Fe Ag Al Cr Cu Hg NI Pb Si Sn Ti

MFR-4-C-1 . . . . . . . . . . .

-4-C-2 0.3 0.00 0.00 0.00 0.00 0.00 P.00 0.11 0.00 0.00 0.00
-4-D-1 1.0C 0.0 0.10 0.00 0.00 0.00 .00 0.00 0.00 0.00 0.00

-4-D-2 0.0( 0.OC 0.00 0.00 0.00 0.00 .00 0.01 0.00 0.00 0.00

- a- -- - i--

MFR-5-A-1 96.1 0.0 10.8 3.90 37.5 459 0.98 5.6 34.2 3.16 0.00
-i - --- ---

-5-A-2 81.3 0 8.65 3.33 32.4 420 0.84 7.8 28.5 2.41 0.00

-5-B-1 91.2 0. 9.88 3.73 36.0 45 0.92 3.5 31.3 2.84 0.00

-5-B-2 88.8 0.0 9.45 3.68 35.5 449 0.88 3.0 31.312.82 0.00

-5-C-1 85.7 0.04 9.03 3.48 34.3 436 0.89 70.9 30.6 2.86 0.00

-5-C-2 85. 0.0 9.01 3.53 34.0 434 0.86 0.5 30.5 2.72 0.00

-5-D-1 86. 0.0 9.13 3.55 34.5 439 ).87 71.8 30.4 2.79 0.00

-5-D-2 87.0 0.0 9.23 3.58 35.1 446 t.88 72.7 31.4 2.79 0.00

HFR-6-A-l 6.57 0.39 1.03 .76 2.05 2.24 .45 .82 5.34 0.00 0.00

-6-A-2 4.90 0.17 0.58 D.53 .86 1.84 .28 .81 4.86 0.00 0.00

-6-B-1 5.58 0.26 0.71 ).56 .99 1.98 .30 .80 5.020.00 0.00

-6-B-2 4.89 0.19 0.57 ).51 .87 1.86 0.21 .79 4.93 0.00 0.00

-6-C-i 5.06 0.18 0.59 ).54 .89 1.91 0.25 .64 4.89 0. 0.00

-6-C-2 4.57 0.16 0.55 .49 .85 1.82 0.25 1.61 4.87 0. 0 0.00

-6-D-1 4.72 0.17 0.52 .47 1.85 1.84 0.22 0.61 4.7 0. _.00

-6-D-2 4.4 0.16 0.63 0.48 1.82 1.79 0.24 0.58 4.84 0.00 0.00

MFR-7-A-1 0.41 0.09 0.10 0.42 0.13 1.04 0.02 0.00 0.09 0.09 0.00

-7-A-2 0.44 0.0( 0.11 0.44 0.13 0.96 0.04 0.00 0.0( 0.0( 0.00

-7-8-1 0.5 0.00 0.09 0.38 .13 0.96 0.08 .00 0.00 0.00 0.00

-7-8-2 10.40 0.00 0.14 .40 .12 0.93 0.05 0.00 0.0 0.0 0.00 --
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TABLE A-4 aXC'D

Inductively Coupled P asma (ICP) Spectrometric Analysis
Ivalues in ppm)

Sample Fe Ag A1 Cr Cu Hg Ni Pb S1 Sn Ti

MFR-8-A-1 12.5 0.18 1.32 1.18 .68 11.5 D.65 0.58 2.45 0.00 0.00

-8-A-2 12.6 0.15 1.25 1.18 1.62 11.5 .68 0.54 2.33 0.00 0.00

-8-B-1 12.5 0.16 1.32 1.18 1.62 11.3 .66 0.58 2.2a u.00 0.00

-8-B-2 12.3 0.13 1.2711.15 1.59 11.3 1.62 0.59 2.13 0.00 0.00

-8-C-1 12.3 0.14 1.3211.17 1.61 11.3 ).63 0.50 2.32 0.00 0.00

-8-C-2 12. 0.14 1.35 1.14 1.55 11.2 ).60 0.49 2.14 0.00 0.00

NFR-9-A-1 3.61 0.00 0.36 0.88 1.58 1.70 013 0.,6 0.16 0.00 0.00

-9-A-2 3.2S 0.00 0.42 0.93 1.66 1.68 .50 0.93 0.30 0.27 .00

-9-B-1 3.21 0.02 0.64 0.93 1.64 1.64 .18 0.00 0.52 0.00 .00

-9-8-2 3.41 0.05 0.6011.01 1.59 1.74 j).17 0.00 0.43 0.00 .00

-9-C-1 3.31 0.02 0.4910.98 1.59 1.76 .21 0.00 0.38 0.00 0.00

-9-C-2 3.31 0.02 0.4110.94 1.55 1.70 .17 0.00 0.58 0.00 0.00

MFR-10-A-1 2.6 0.35 0.'32 0.28 0.70 0.41 ).20 0.00 17.6 0.00 .00

-10-A-2 1.91 0.01 0.34 0.23 0.64 0.33 ).16 0.00 16.3 0.00 0.00.

-10-B-1 2.44 0.12 0.30 0.27 0.76 .38 ).20 0.00 17.4 .00 .00

-10-B-2 1.61 0.09 0.30 0.22 0.74 0.30 ).22 0.00 16.5 0.00 .00.

-10-C-1 1.94 0.0 0.48 0.26 0.79 0.36 ).22 0.00 17.4 0.00 .00

-10-C-2 1.74 0.09 0.41 0.22 0.76 0.32 D.16 0.00 17.5 0.00 .00

MFR-11 0.1" 0.0 0.14 0.14 0.26 0.06 .17 0.00 0.17 0.00 0.00 ...

MFR-12 1,39 0.50 0.30 i.27 0.27 D.08 0.01 0.50 0.17 0.50 0.50 -

MFR-13 1.39 0.00 0.49 .12 1.53 .23 0.10 5.59 3.22 0.11 0.00
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TABLE A-4 (fT'D

Inductively Coupled Plasma (]CP) Spectrometric Analysis
lValues in ppla-

Sample Fe Ag Al JCr Cu Mg NI Pb Si Sn Ti

MFR-14 2.91 0.08 8.96 0.99 1.18 D.70 1.44 0.00 D.39 0.00 D.00

NFR-15 3.91 0.34 0.29 0.67 0.34 0.12 .17 0.21 0.62 .00 0.03

-~ -I 
--- 

-

MFR-16 8.84 0.50 0.45 0.47 8.02 0.08 .38 6.82 .3 36 .36 P.09

MFR-17 3.19 0.12 0.69 .49 D.18 10.8 D.16 0.00 1.45 0. 0.13

HFR-18-A-1 2.3 0.30 0.09 .34 0.41 0.4 0.05 0.05 1.33 0.00 0.00

-18-A-2 0.80 0.09 0.00 0.13 0.16 .08 0.00 0.00 0,80 0.00 0.00

-18-B-1 1. 0.17 0.34 0.28 0.14 .09 0.00 0.65 0.80 0.00 0.00

-18-B-2 0.79 0.0710.01 0.150.01 .06 10.00 0.00 0.62 0.00,0.00

-18-C-i 0.91 0.10 0.22 0.17 0.00 .06 .00 0.00 0.72 0.00 0.00

-18-C-2 0.7 0.0 0.06 0.14 0.02 .01 .00 0.00 0.61 0.00 0.00

MFR-19 6.69 OOC 0.86 0.14 0.11 7.55 0.00 0.00 0.93 0.34 0.01

MFR-20 12.84 0.6" 0.44 1.15 0.02 0.13 0.00 0.00 0.46 0.14 0.01

14FR-21 9.24 0.34 0.27 0.38 0.69 0.33 D.24 0.62 3.72 0.00 0.01

*iFR-22-A-l 8.56 0.33 0.25 0.48 0.41 .78 0.29 0.84 1.08 0.00 0.00

-22-A-2 .36 0.21 0.22 0.39 0.41 1.13 0.19 0.51 0.80 0.00 0.00

-22-8-1 .73 0.22 o.30 0.43 0.421 0.33 .16 0.6 0.9110.21 0.00

-22-1U-2 .88 0.18 0.10 0.37 0.35 0.9.7 .18 0.54 0.73 0.00 0.00

-22-C-1 .84 0.17 0.22 0.36 0.41 0.98 .18 0.97 0.70 0.00 0.001

-22-C-2 .54 0.15 0.07 0.3 0.38 0.87 .11 0.92 0.65 0.00 0.00
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TABLE A-4 CXNWJDED

Inductively Coupled P~ asa( )Spcrmt Analysis

Sample Fe Ag Al Cr- Cu M4g Ni Pb Si Sn Ti

MFR-22-D-1 6.86 0.18 0.31 0.41 0.39 ).97 0.15 1.05 0.89 0.20 0.00

MFR-22-DI-2 6.63 0.1610.20 0.35 0.40 3.86 0.11 1.06 0.76 0.00 0.00

-- - - - - - -1-0-



TABLE A-5

Inductively Coupled Plasma (PST/ICP) Spectrometric Analysis
,- - - values In .- -

Fe Ag Al Cr Cu Mg NI I Pb Si SnI Ti

MFR-1-A-1 2.35 0.01 0.10 0.09 0.05 0.00 0.00 1.43 2.94 .28 .02

-1-A-2 3.02 0.00 0.11 0.07 0.01 0.00 0.00 1.10 3.43 .42 0.01

-1-8-1 2.97 0.00 0.09 0.06 0.03 0.000.00 0.81 3.43 .42 1.00

-1-8-2 2.98 0.00 0.09 0.06 0.04 0.00 0.00 1.02 3.18 .63 0.01
1 9 0 -3 -6 02 -0 a a 0

-1-C-2 3.09 0.00 0.13 0.06 0.02 0.00 0.00 0.99 3.44 0.42 0.00

-1-C-2 3.11 0.00 0.10 0.05 0.02 0.00 0.00 0.94 3.40 0.49 0.0

MFR-2-A-1 9.46 0.00 0.10 0.07 0.00 0.00 0.00 1.15 2.28 0.56 0.00

-2-A-2 9.32 0.00 3.03 0.07 0.00 0.00 0.00 0.69 2.72 0.42 0.00

-2-B-i 10.5 0.00 0.08 0.07 0.00 0.00 0.00 0.82 2.92 0.28 0.00

-2-B-2 9.4 0.00 0.05 0.04 0.00 0.00 0.00 0.68 2.80 0.42 0.00

-2-C-i 9.5 0.00 0.13 0.09 0.10 0.00 0.00 0.83 2.84 0.56 0.01

-2-C-2 10.3 0.0 0.14 0.08 0.02 0.00 0.00 0.71 2.92 0.42 0.001

MFR-3-A-1 6.93 0.24 0.24 0.33 0.14 0.04 0.0011.20 9.29 .28 0.00

-3-A-2 6.34 0.01 0.19 0.31 0.10 0.03 0.00 0.91 9.06 .28 .00

-3-8-1 6.45 0.00 0.18 0.30 0.12 0.03 0.00 0.79 9.11 .35 .00

-3-B-2 5.97 0.01 0.13 0.28 0.12 0.02 0.00 1.21 8.74 .42 0.00

MFR-4-A-1 0.1 0.00 0.08 0.1 0.00 0.00 0.00 1.10 0.16 .35 0.00

-4-A-2 0,1 0. 0.03 0.1 0.00 0.00 0.00 1.24 0.20 .42 0.00

-4-B-1 0.17 0.0 0.00 0.17 0.0 0.00 0.00 0.90 0.17 .28 0.00

-4-B-2 0.11 0.0 0.02 0.1 0.0 0.CO 0.00 1.09 0.17 0.21 0.00

-4-C-i . . . . . . . . . . .

-4-C-2 - . . . . . . . . . -

-4-D-I 0.20 0.00 0.04 0.17 0.03 0.00 0.00 .94 .20 0.42 0.00

-4-0-2 0.03 0.0010:01j).14 0.00 0.00 D.00 .97 .09 .28 0.00
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TABLE A-S CONT'D

Inductively Coupled Plasia (PST/|CP) Spectrometric Analysis
(Values in ppm)

Fe Ag Al Cr Cu Mg Ni Pb SI Sn Ti

MFR-5-A-1 69.1 0.07 7.17 5.70 29.9 448 0.00 60.9 29.9 .27 0.13

-5-A-2 68.8 0.07 7.15 5.67 29.0 443 0.00 50.6 9.1 .13 .11

-5-8-1 70.2 0.06 7.39 5.78 29.6 452 0.00 k2.1 9.9 .42 .11

-5-8-2 70.5 0.05 7.25 5.80 29.5 453 0.00 1.9 9.4 .27 .10

-5-C-I 71.8 0.06 7.37 5.87 29.4 460 0.00 3.4 0.1 .91 .11
- --

-5-C-2 72.5 0.06 7.58 5.98 30.0 466 0.00 3.8 30.4 .77 D.11

MFR-6-A-1 4.74 0.44 0.77 0.66 2.25 2.89 0.00 1.83 5.72 :0.84 0.01

-6-A-2 4.77 0.40 '0.72 0.65 2.37 2.58 0.00 1.67 5.930.84 0.00

-6-B-1 5. 15 0.44 0.79 0.69 2.43 2.71 0.00 1.98 6.28 0.98 0.00

-6-8-2 4.95 0.40 0.76 0.68 2.36 2.51 0.00 1.76 6.26 0.98 0.01

-6-C-1 5.16 0.34 0.86 0.74 2.50 2.67 0.00 1.84 6.46 0.91 0.01
--- I - -

-6-C-2 4.72 0.38 0.73 0.67 2.34 2.44 0.00 1.83 6.22 0.91 0.01w

MFR-7-A-1 0.75 0.03 0.28 0.68 0.23 1.36 0.00 0.96 0.33 0.79 0.00

-7-A-2 0.71 0.03 0.29 .67 0.20 1.31 0.00 1.26 0.35 .91 0.00

-7-B-1 0.76 0.12 0.33 .68 0.30 1.28 0.00 1.16 0.43 .85 .10
-- 

6 - - - -

-7-B-2 0.63 0.05 .27 .57 0.22 1.07 0.00 .78 .34 .73 ).03

-7-C-1 0.62 0.04 0.24 0.58 0.18 1.07 0.00 .68 .30 0.67 0.02

-7-C-2 0.61 0.04 0.25 0.56 0.20 1.07 0.00 0.86 .36 ).85 .01

MFR-8-A-1 12.5 0.33 1.43 1.36 1.79 11.5 0.00 1.71 2.68 .97 .05

-8-A-2 12.2 0.31 1.36 .32 1.64 11.5 0.00 1.80 2.57 .16 0.05

-8-B-1 11.8 0.29 1.36 .25 1.61 11.2 .00 1.51 2.51 .97 0.04

-8-B-2 13.1 0.33 1.47 1.38 1.73 2,2 D.00 2.06 2.76 L-34 0.05
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TABLE A-5 COCaIED

Inductively Coupled Plasma (PST/ICP) Spectromtric Analysis
( alues in Po-)

Fe Ag Al Cr Cu Mg 1i Pb Si Sn Ti

fFR-9-A-1 3.2 0.06 0.30 0.84 1.33 1.72 0.00 1.18 0.67 0.61 0.00

-9-8-2 3.2C 0.06 0.28 D.84 1.36 1.64 D.00 .25 0.69 0.79 0.00

tFR-10-A-1 2.11 0.150.21 0.29 0.49 0.37 0.00 1.58 16.8 0.61 0.00

-10-B-2 1.65 0.11 0.12 0.24 0.83 0.28 0.00 .44 15.9 0.55 .00

MFR-18-A-1 0.81 0.14 0.12 0.26 0.14 0.15 0.00 1.52 .81 0.43 0.00

-18-A-2 0.70 0.11 0.10 0.24 0.05 0.09 0.00 1.14 0.61 .37 .00
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TABLE A-6

Atomi c Absorpto, oSpetromelr c Analysis(a ues n ppm/

Sample Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-1-A-1 7.5

-1-A-2 5.2

-1-8-1 5.9

-1-8-2 5.5

-1-C-I 5.6

-1-C-2 5.2
. ... 5 .-. .-4 -

-1-D-1 5.4

-I-D-2 5.3

MFR-2-A-l 15

-2-A-2 12

-2-B-1 14

-2-B-2 13
-2-C-1 13

-2-C-2 13

MFR-3-A-1 9.0

-3-A-2 8.4
--- 8.7 - -

-3-B-1 8.7

-3-B-? 8.2

-3-C-1 8.4

-3-C-2 8.2

MFR-4-A-1 4.0

-4-A-2 1.6

-4-8-1 2.5

4- 1--
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TABLE A-6 CLO1"d

Atomic Absorpoo Spe~tro!e5 rIc Analysis
-Va-Ue- -n ppm-

Sample Fe Ag Al Cr Cu Mg NI Pb Si Sn Ti

MFR-4-C-2 1.4

NFR-5-A-l 89

-5-A-2 92

-5-B-1 88

-5-B-2 89

-5-C-1 88 ---

-5-C-2 87

-5-D-1 90

-5-D-2 89

- - -- -, .--

MFR-6-A-1 5.1

-6-A-2 4.1

-6-B-1 4.3

-6-B-2 3.7

-6-C-1 4.0

-6-C-2 3.7

-6-D-1 3.7

-6-D-2 3.7

MFR-7-A- - .'6

-7-A-2 0.6

MFR-8-A-1 11

-A-2 I

-B-2 90 - - - - -

111



TABLE A-6 COWT'D

Atomic Absorpt4oi Spetromelric Analysisa ues n ppm)

Sample Fe Ag Al Cr Cu Mg Mi Pb Si Sn Ti

MFR-8-C-1 11

-C-2 10
-- - - -- - - - -

MFR-9-A-1 2.2

-A-2 1.9

MFR-1O-A-1 1.6

-10-A-2 1.2
-10-8-1 1.4

-10-8-2 1.4

-10-C-1 1.3

-10-C-2 1.2

MFR-11 0.0

MFR-12 1.9

NFR-13 2.0

WFR-14 0.8

MFR-15 1.2

MFR-16 -

MFR-17
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TABLE A-6 ODNCUDE

Atomic Absorptloo Spectrome ric Analysisva ues n ppml

Sample Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-18-A-1 1.9

-18-A-2 0.7

-18-B-1 0.9

-18-8-2 0.7
-18-C-1 0.6

-18-C-2 0.5

MFR-19 4.6

MFR-20 7.2

14FR-21 4.0

IFR-22-A-1 6.2

-22-A-2 5.1

-22-B-1 5.q

-22-B-2 5.C

-22-C-1 5.0

-22-C-2 5.0

-22-D-1 5.2

-22-D-2 4.9
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TABLE A-7

p

Portable Wear Na] Analyer JPWHA) Analysis•~ ~ .yaues 1 pl ,

Sample Fe Ag Al Cr Cu Mg Ni Pb SI Sn Ti
- --- ,-i

MFR-I-A-1 60 0 1 0 1 0 1 N/A 2 N/A 2

-1-A-2 9 0 0 0 1 0 1 2 3

MFR-2-A-1 61 0 0 0 1 0 1 2 1

-2-A-2 34 0 1 0 0 0 0 1 4

MFR-3-A-1 15 0 1 0 0 0 0 2 14

-3-A-2 13 0 1 0 1 0 0 3 5

MFR-4-A-l 40 0 3 1 1 0 1 3 1

-4-A-2 2 0 1 0 0 0 0 0 1

-4-8-1 13 0 1 0 1 "0 0 1 1

-4-B-2 1 0 0 0 0 0 0 1 1
*

-4-C-1 . . . .- -..

-4-C-2 1 0 0 0 0 0 0 0 1

-4-0-1 4 0 1 0 1 0 0 0 0

-4-0-2 0 0 0 0 1 0 0 0 0

MFR-5-A-1 54 0 13 2 20 >50 2 2 4

-5-A-2 49 0 11 2 22 47 2 2 5

-5-B-1 54 0 12 2 20 49 2 2 5

-5-B-2 52 0 11 2 20 48 2 2 4

-5-C-1 54 0 12 2 23 >50 2 3 4

-5-C-2 52 0 11 2 21 48 2 2 4
-5-D-1 46 0 10 1 22 49 2 2 4

-5-0-2 43 0 10 1 21 49 1 2 2
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TABLE A-7 CfNT'D

Portable Wear Ni al Analyzer S PWIA) Analysista ues nPlPM

Sample Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-6-A-l 10 1 1 1 2 3 1 N/A 3 N/A 1
- -... .- - -- - - - -

-6-A-2 5 0 1 1 1 2 1 2 2

-6-B-1 7 0 1 1 1 1 1 2 "-1

-6-B-2 5 0 0 0 0 2 0 1 1

-6-C-1 5 0 0 1 2 2 0 1 1
-6-C-2 4 0 1 0 2 2 0 1 - 0

-6-D-1 5 0 0 0 0 2 0 1 0

-6-0-2 4 0 1 0 0 2 0 0 0

MFR-7-A-1 0.8 0.0 0.3 0.0 0.6 0.9 0.4 2.3 0.0

-7-A-2 0.7 0.0 0.5 0.4 0.6 1.0 0.2 5.6 0.0
-- . . 1- . . : -. -

-7-B-2 0.7 0.0 0.2 0.4 0.4 0.9 0.2 2.1 0.2
-7-B-2 0.6 0.0 0.2 0.6 0.6 0.8 0.2 2.0 0.2

-7-C-1 0.7 0.0 0.2 0.4 0.5 0.9 0.2 1.9 0.1

-7-C-2 0.5 0.0 0.1 0.3 0.4 0.8 0.2 1.9 0.1

14FR-8-A-1 11 0.5 1.4 0.8 2.2 12 1.0 3.1 0.0

-8-A-2 11 0.4 1.4 0.8 2.2 15 0.9 3.3 0.0

-8-B-1 10 0.4 1.5 0.8 2.2 13 0.8 3.5 0.2

-8-0-2 10 0.5 1.5 0.8 1.9 12 0.8 3.4 0.1

-8-C-1 i'1 0.4 1.5 0.8 2.2 16 0.7 3.6 0.0

-8-C-2 12 0.4 1.8 0.8 2.6 17 0.8 3.7 0.1

MFR-9-A-l 2.7 0.1 0.7 0.6 2.4 1.4 0.5 1.5 G.0
-9-A-2 2.4 0.0 0.2 0.5 1.1 1.0 0.1 1.8 0.0

-9-A-1 2.4 0.0 0.3 0.6 1.1 1.1 0.1 1.9 0.0

--. I-n. 2.4 0.0 0.3 0.5 1.1 1.2 0.2 2.7 0.0
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TABLE A-7 CONT'D

Portable Wear IletNa] Analyzer 'PIA) Analysis
lyal ues Th ppm)

Sample Fe Ag Al Cr Cu Hg NI Pb Si Sn Ti
- - - - n - -

MIFR-10-A-1 2.6 0.1 0.5 0.1 0.8 0.3 0.2 N/A 7.5 0.0

-10-A-2 1.8 0.1 0.1 0.1 0.6 0.2 0.2 6.0 O.C

-10-B-1 2.3 0.1 0.4 0.1 0.5 0.3 0.1 10.4 0.0

-10-B- 1.8 0.1 0.2 0.1 0.5 0.2 0.1 6.5 0.0

-10-C-1 1.9 0.1 0.3 021 0.6 0.2 02 -5.7 0.

-10-C-2' 1.8 0.1 0.2 0.1 0.4 r 2 0.1 5.8 0.0

MFR-11 0.2 0.0 0.2 0.0 0.2 0.1 0.1 1.3 0.4

MFR-12 1.9 0.0 0.10.2 0.1 0.1 0.0 1.9 0.0

MFR-13 1.7 0.0 0.6 0.1 1.3 0.2 0.1 0.5 M.0

MFR-14 3.0 0.4 9.4 0.8 1.5 0.4 1.5 1.2 0.0

MFR-15 3.3 0.4 0.4 0.4 0.2 0.4 0.2 1.6 0.0

MFR-16

MFR-17

MFR-18-A-1 2.4 0.4 0.4 0.3 0.2 0.2 0.1 0.9 0.8

-18-A-2 1.0 0.1 0.2 0.1 0.2 0.1 0.1 0.0 0.4
.- -n- - - - - - m'- - - S q'

-18--1 1.3 0.2 o.1 0.2 0.1 0.1 0.0 5.4 0.1
- n- -.-.- - - - -

-18-B-2 0.9 0.1 0.0 0.1 0.0 0.1 0.1 1 0.0 0.3

-18-C-1 1.6 0.2 0.1 0.2 0.0 0.1 0.0 0.9 0.0
-18-C-2 0.8 0.1 0.1 0.1 0.4 0.1 0.1 0.1 0.1
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TABLE A-7 CONCLUDED

Portable Wear I u1Analzer PWiA) Analysisvatues nPPM)

Sample Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MFR-19 7.9 0.0 1.0 0.1 1.1 9.1 0.4 - 1.3 - 0.0

MFR-20 3.8 1.0 0.6 0.9 0.4 0.1 0.3 - 1.3 - 0.0
- -- -I- -

MFR-21 9.6 0.3 0.6 0.3 0.8 0.4 0.4 - 0.6 - 0.0

- - - e ... -

MFR-22-A-1 8.6 0.4 0.4 0.2 0.7 1.6 0.2 - 1.4 - 0.0

-22-A-2 7.0 0.2 0.6 0.2 0.4 1.1 0.1 - 0.6 - 0.0

-22-B-1 7.5 0.3 0.5 0.2 0.7 1.4 0.3 - 1.1 - 0.0

-22-B-2 7.4 0.2 0.5 0.2 0.5 1.1 0.1 - 0.9 - 0.1

-22-C-1 6.8 0.2 0.6 0.2 0.5 1.0 0.1 - 0.6 - 0.0

-22-C-2 6.8 0.2 0.5 0.2 0.5 0.9 0.2 - 1.8 - 0.1

-22-D-l 6.3 0.2 0.3 0.2 0.3 1.0 0.1 - 0.3 - 0.0

-22-D-2 7.1 0.2 0.3 0.2 0.7 1.4 0.1 - 0.0 - 0.0

- -- - - - -17

117



TABLE A-8

Di)rect Current Plasma (DCP) Spectronetric Analysis
Values In

Fe Ag Al Cr Cu Mg Ni Pb Si Sn Ti

MKR-1-A-1 8.72 - c.17 .05 c.02 .00 <2 e.,5 3.32 <C.7-. - - - - - - - - i

-1-A-2 5.96 - <.16 .05 .02 .00 <2 .05 3.04 <0.7

-1-B-1, 6.74 - <.17 .12 1.01 .00 <2 .C5 3.29 <0.7

5. 88 - 1 0 6 < . 1 .00 l2 .05 3.07 <0. -

-- C-2 5.47 - -.. 16 .05 <.01 .00 <2 <.05 3.1 1<0.7-1-C-2 -4 - .05-,

-1-D-1 5.72 - <.17 <.05 0.02 .00 <2 .05 3.42 <0.4

a -- ---- 
- -I -

MFR-2-A-1 34.2 - <.17 0.12 <.02 0.00 <2 <0.1 2.31 1.1

-2-A-2 21.6 - <.17 .06 <.02 0.00 <2 <0.4 2.29 <0.9

-2-B-i 23.8 - 0.39 0.141<.02 0.011 <2_ 0.8 3.0 <0.5-

-2-B-2 20.2 - <.17 0.05 0.02 0.001 <2 0.5 3.20 <0.;

-2-C-1 21.4 - <.17 .12 0.00 0.00 <2 <0.5 3.31 <0.9

-2-C-2 19.4 - <.17 0 0.02 0.001 2 0.5 3.19<0.7 -

6- <7 -9 - - - -<

MFR-3-A-2 7.361 - <.17 .29 0.09 .02 < 2 < 0.5 8.20 0.7-
-3-A-2 7.01 -~ <.7 .32 0.07 .02 <. 2 0 . 8.20 0.7-

-3-B-2 7.91 - <.17 .37 0.07 .03 <2 <0.5 8.46 0.7

-3-C-1 6.73 - <.17 .34 0.07 .03 <2 <0.5 8.17 0.8

-3-C-2 7.01 - <.17 0.26 0.06 .02 <2 <0.5 8.20 <0.7

MFR-4-A-1 5.03 - 1.04 0.65 0.10 0 < 4 L . 2 ... .

-4-4-2 .- - -. . .

-4-B-1 1.86 - 0.24 0.40 0.00 0.00 <2 <.05 0.77 1.0

-4-B-2 0.53 <.1? 0.25 0.00 0.00 <2 <.05 0.36 <0.7

-4-C- 1

-4-C-2 0.32 - <.17 ..27 0.00 0.00 <2 0.5 0.12 1.3

-4-D-1 0.96 - <.17 .33 10.00 0.00 <2 0.5 0.25 1.7

118



TABLE A-8 C(CM'd

Direct Current Plasma (DCP) Spectrwetric Analysis
-. - values in -r- -

Fe Ag Al Cr Cu Mg NI Pb SI Sn Ti

-4-D-2 5.10 - 0.25 0.14 0.02 0.00 < 2 1.2 2.76 1.4 -

mFR-5-A-i 99.0 - 12.0 3.99 : 35 430 3 72.8 31.4 6.8 -

-5-A-2 85.7 - 10.0 3.59 >35 >430 2 17.9 28.9 6.4 -

-5-B-1 94. 3 - 11"4 3.881>35 >430 3 74.0 31.0 6. -

-5--B-2 91.3.-. 9 . >35 >43 !,U2 74.I" - _

-5-C-i 90.9 - 10.5 3.86 >35 >450 5.2 73.1 30.0 6.2 -

-5-C-2 92.2 - 10.5 3.91 >35 >450 4.5 73.0 30.8 6.2 -

-5-D-1 92.1 - 10.5 3.90 >35 >450 5.3 73.1 30.3 6.1 -.

-5-D-2 93.1 - 10.6 3.95 >35 >450 5.2 73.7 PO.8 6.3 -

MFR-6-A-1 6.67 - 1.0 1.12 2.44 2.69 <4 0.7 .72 < 14 -

-6-A-2 4.40 - <0.3 0.78 2.06 2.10 <3 0.9 .77 1.2 -

-6-B-i 4.89 - <0.4 0.86 2.10 2.24 <4 0.9 .79 1.4 -

-6-B-2 3.81 - <0.3 0.71 1.88 1.91 <4 0.9 4.44 1.4 -

-6-C-1 4.26 - <0.4 0.79 2.02 2.08 <4 0.9 .61 d.4 -

-6-C-2 3.60 - 0.33 0.6111.42 1.33 <3 0.5 3.4017

-6-D-1 3. - 0.46 0.63 1.45 1.38 <2 :0.5 .1/

-6-D-2 3.59 - 0.36 0.57 1.41 1.35 <3 :0.5 3.49 1.6 -

MFR-7-A-1 0.34 - <0.30.51 1.09 <3 < -J7.27 1.1 -

-7-A-2 0:2E < 0.3 0.57 0.01 1.12 < 3 <0.8 .21 1.3 -

-7-B-1 0.23 - <0.3 0.56 <.04 1.09 <3 <0.8 .17 1.3 -.

-7-B-2 0.2 - < 0.3 0.5 < .04 1.07 < 3 <0.8 .31 1.3' -

-7-C-1 CD.1 - <0.3 0.47 0.04 1.02 < 3 i0.8 ).20 :1.3 -

-7-"C-2 O.1 - <0.3 0.55 0.04 1.05 < 3 0.8 ).26 1.3 -
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TABLE A-8 O)NCLUDED

Direct Current Plasnia (DCP) Spectrxmetric Analysis
..-.. - -Values in p-m)

Fe Ag Al Cr Cu Mg NI Pb Si Sn Ti

MFR-8-A-1 10.3 - P.4 1.05 1.79 12.4 '3 <.7 2.1 1.2 -

-8-A-2 10.2 - 0.7 1.05 1.66 12.5 <3 0.9 2.1 1.2 -

-8-B-1 10.5 - 1.1 1.38 2.29 12.6. .3 1.1 2.6 1.3 -

-8-B-2 8.13 - -3 0.88 1.45 o.21 <3 <.8 1.9 3-

7 .93 703 0 - I
-8-C-2 0. - 0.3 ).98 0.7 11.8 <3 :0.7 2.15 .1
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, * TABLE A-9

Particle Size Distribution Using AOM/AA
,-(Valu es i- p-

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-1-A-1 27

<12 ipm 16

<10 pm 16

< 8 um 15

< 5 pm 13

<3pm 11

< 2 pm 13

< Ipm 7.7

<0.4.m 3.1;

MFR-1-A-2 10

<12 pm 8.1

<10 Jm 8.6

< 8 pm 8.6

<5um 8.6

<3um 8.1

<2 um 9.9

<1pm 7.

<0.4 um 4.

MFR-2-A- 1 61

<12 pm 52

<10 pM 53

< 8 pm 50

< 5 pim 46

<3pm 40

<2pm 33
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TABLE A-9 CMfTD

Particle Size Distribution Using ADM/AA
(Values i pm)

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-2-A-1

<1 r.um 25

<0.4 um 8.2

MFR-2-A-2 27

<12 jim 27
- - - -..- - - -=

<10 pm 26

<8rum 27
< 5 pm 26

< 3 rn 28

<2 m 24

<IJm 18

<0.4 pm 5.4

MFR-3-A-1 13

<12 um 12 -

<1 0 Um 11
< 8 1 2

< 5 12<5urn 12

< 3 1im 11

<2i 13

< 1 In 10 aa a a

<0.4 In 1.1

MFR-3-A-2 11

<12 um 12-
,in ,, 121i
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TABLE A-9 CONT'D

Particle Size Distribution Using ADM/AA
(Values in p- 

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-3-A-2

<8p m 12

<5 pm 11

<3 im 9.1

<2 pm 10

<1 pm 9.5

<0.4 pm 2.5

MFR-4-A-1 32

<12 m 17

<10 pm 14

< 8 pm 12

<5 m 7.9

< 3 pm 4.6

<2m -m

< 0.4 pm

FR-4-A-2 1.1

<12 m 1.8

<10 m -
- i - - -- • -

<8um - -

< S- -pin - -_ ..... .. . ... ...-

< 3 im 2.2
•5 -- --- . -

<2pjm 1.8
, - - - i-

<1pm 1.0

< 0.4 pm 1.6
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TABLE A-9 (cotrr'D)

Particle Size Distribution Using AI/AA
(Values in ppm

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-5-A.-1 121

<12 jm 122

<10 'jm 112

< 8 Um 113-

< 5 !l 112

< 3 U 130

<2 Um 94

IljUn - - - - - - - - - -

<0.4 jm

MFR-5-A-2 116

<12 vo 99

<10 li 102

< 8 i 103

< 5 p._ 104

< 3 I 109

< 2 m 105

<- - - - - -

<0.4 I- --

MFR-6-A-1 9.4

<12 ,

<10 -

<8--

<5Um 7.3

<31*u 7.3 -

x 2 am 6.s4
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TALE A-9 (OONT'D)
ae

Particle Size Distribution Using ArM/AA
(Values in ppn)

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-6-A-1
- - -- - I - - -,-

<1 im 5.1

<0.4 pm 2.5 -

MFR-6-A-2 6.7

<12 im

<10 lim

< 8pm -

<5m 6.2

<3 6.3

< 2 um 6.3.

<1pm 5.7

<0.4 pm 2.6

NFR-7-A-1 1.0

<5 m 0.5

<3 um 0.6

<i um 0.--

0- -Um

<0.4 mm 0.

MFR-7-A-2 0. 7 -- -..-.-....-.

<5 Um 0.5

<3 i 0.5

<2 um 0.5

<I pm 0.5

<0.4 pm 0.4
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TABLE A-9 (cOw'D)

Particle Size Distribution Using AIM/AA
(Values in p-

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-8-A-I 11

<5 pm 11

<31um 11

<2 um 10

<I pam 10

<0.4 pm 5.9

tIFR-8-A-2 11

<5p m 11

<3 um 10

<.m 10

<1 um 10

<0.4 1jm 4.2

MFR-9-A-1 2.6

<5 Jim 3.1

<3 pm 2.8

<2 pm 2.9

<1lUl 3.3

<0.-4 -m -

MFR-9-A-2 2.4

<5 UM 2.8

<3 pm 3.0

<2 pm 3.1
-• - - -I -- • -

< um 3.1
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TABLE A-9 (XllF'D)

Particle Size Distribution Using AtH/M
(Values in ppL -

SAMPLE FE AG AL CR CU MG NI PB SI SN TI

MFR-I O-A-1

<12 pm 3.1
<10 Pm 3.1

< 8 pm 2.9

< 5 m 2.5

< 3pm 1.1

< 2p m 1.0

< 1 pm 1.0

<0. 4 .ipm 0.7

MFR-10-A-2

<5 pm 1.1

<3 um 1.1

<2 pm 1.1

<1 Um 1.1

<0.4 pm 0.8

MFR-18-A-1

<12 pm 5.7

<10 Um 5.6

< 8pm 5.7

< 5 y 5.-2 - -

<3 Vim 2.7

<2 Um 2.4

<lIpm 2.j

<0.4 Uim 2.1
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TABLE A-9 (CDNCLJDED)

Particle Size Distribution Using ALP/AA
(Values in p-)

SAMPLE FE AG AL CR CU MG NI PB SI SN TI
I- - -i--- - - . - - -

MFR-18-A-2

<,5m 2.5

<3 jim 2.4

<2: m 2.1

<1Im 2.3-

<0.4 pm 2.1

MFR-22-A-1 (ADM ICP)-

<12 im 8.4.

<10 pm 8.14

< 8um 7.30

-< 5 u 7.31-

< 3 pm 6.74

< 2 pn 4.9

< I )in 5.11

<0.4 )jn 3.9-

NFR-22-A-2

<5u 6.91

<3 Um 6.81

<Zpm 5.34.

<1 pm 5.2!

<0.4 ym 3. 5;
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APPIUDIX B

mDIBRhII riLTRATxom Saw SAmeLE DATA

Appendix B contains all analyses conducted on the membrane filtered SOAP

samples obtained from a previous teat program.
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TABLZ B-i

MEMBRANE FILTRATION SOAP SAMPLZ DATA

IRON (Fe)

PST/
OIL 0 ICP ICP AE/35 AE/JA PUMA DCP ADM AA

P-71-U 34.40 3.78 6.10 34.40 60.70 19.00
P-71-F %23.20 5.77 7.50 21.20 27.10 15.00
F-5-U 14.00 30.00 15.40 13.00
F-5-F 14.40 31.00 15.10 13.00
H-84-U 27.80 7.09 13.70 29.00 45.70 19.00
H-84-F 17.60 6.12 11.70 17.30 23.10 13.00
F-41-u 4.53 12.00 4.07 6.36 4.00
F-41-F 4.43 12.00 4.09 5.80 4.00
H-13-U 11.10 19.00 10.07 15.11 10.00
H-13-F 10.70 18.00 9.60 14.73 9.00
H-61-U 12.30 27.00 12.20 17.00
H-61-F 12.70 27.00 11.62 16.50
P-43-U 45.10 51.34 79.00 38.70 58.20 36.00
P-43-F 45.30 50.70 78.00 39.30 56.80 35.00
H-6-U 12.40 7.89 23.00 10.93 15.60 9.00
H-6-F 11.70 7.99 22.00 10.49 12.60 9.00
H-54-U 10.21 13.91 22.50 14.50 9.00
H-54-F 10.63 13.14 21.00 13.40 9.00
P-108-U 8.03 19.00 6.80 11.50 7.00
P-100-F 8.08 19.00 7.41 11.60 7.00
Navy Com.-U 4.73 4.34 9.70 5.06 7.22 4.00
Navy Com.-F 4.63 4.33 9.10 5.57 6.23 4.00
H-89-U 25.50 28.74 46.00 24.00 35.60 22.00
H-89-F 26.00 28.00 46.00 24.20 35.90 23.00
H-47-U 12.20 13.10 10.56 17.80 8.00
H-47-F 13.30 12.40 9.48 18.20 8.00
H-20-U 23.80 13.24 29.30 23.90 39.80 16.00
H-20-F 16.69 13.25 29.20 16.60 21.50 12.00
H-66-U 10.80 20.20 8.69 13.60 7.00
H-66-F 10.90 19.60 8.60 13.30 7.00
H-5-U 16.60 35.50 14.50 22.20 13.00
H-5-F 15.30 35.50 13.80 21.40 12.00
P-81-U 7.83 10.00 6.90 9.54 6.00
P-81-F 7.10 9.60 4.28 8.82 5.00
H-26-U 18.70 39.40 18.10 23.20 13.00
H-26-F 18.80 37.80 17.60 21.10 12.00
GEARBOX-U 6.73 7.74 13.20 5.08 10.20 4.00
GEARBOX-F 6.64 7.77 11.70 6.19 6.34 4.00
H-24-U 21.00 44.00 19.50 23.80 13.00
H-24-F 20.70 44.20 19.60 23.40 14.00
H-55-U 16.30 10.10 20.00 16.20 23.30 13.00
H-55-F 15.80 9.82 19.00 15.70 20.70 10.00
P-111-U 21.70 30.80 18.10 24.90 14.00
P-111-F 21.00 30.70 17.40 21.40 13.00
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TABLE 9-1 COMM'

PST/
OIL # ICP ICP At/35 AS/JA FUEL DCP ADM Ah

H-67-U 11.80 22.10 9.88 13.40 8.00
H-67-V 11.50 21.40 9.44 13.20 8.00
P-lb0-U 7.41 16.00 6.26 8.83 5.00
P-110-r 7.00 16.00 6.21 8.63 5.00
ARM HEL.-U 2.63 2.70 5.20 2.38 3.83 2.00
ARMY filL.-? 2.62 2.42 5.10 2.26 3.04 2.00
H-12-U 7.00 7.04 13.80 5.61 9.41 6.00
H-12-F 7.82 6.84 13.80 5.36 8.67 6.00
GEARBOX-U 6.83 7.01 11.10 11.10 4.00
GEARBOX-r 6.98 7.21 11.60 6.68 4.00
11-30-U 14.20 13.32 27.30 11.45 18.10 13.00
11-30-F 14.30 13.17 26.90 12.20 17.80 15.00
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TABLE B-1 CONTfD

LEAD (Pb)

PST/
OIL # ICP ICP AE/35 AN/JA PMA DCP ADM AA

P-71-U 0.60 1.01 0.10 0.73 0.63
P-71-F 0.46 0.70 0.50 0.40 1.41
7-5-u 0.13 0.12
7-5-F 0.14
H-84-U 3.44 3.96 5.20 2.80 7.91
H-84-F 3.03 3.44 4.50 2.20 7.71
F-41-U 0.18 1.00 0.40 4.01
F-41-F 0.33 0.60 3.18
H-13-U 0.93 2.00 1.10 1.83
H-13-F 1.00 2.00 0.90 1.94
H-61-U 3.51 8.00 3.80 6.41
H-61-F 3.58 9.00 4.20 5.53
P-43-U 6.90 9.08 13.00 5.50 7.96
P-43-F 6.94 8.70 14.00 5.60 8.97
H-6-U 0.28 2.22 0.50
H-6-F 0.42 1.91 0.70
H-54-U 1.84 4.03 4.00 5.81
H-54-F 2.21 3.83 4.10 1.80 2.93
P-108-U 0.94 2.00 1.80 2.50
P-108-F 1.01 2.00 1.20 2.01
NAVY COK.-U 3.81 5.67 8.20 3.80 6.87
NAVY CcO.-F 3.54 5.69 8.00 3.70 7.11
H-89-U 0.81 2.42 1.70 0.70 1.58
H-89-F 0.78 2.60 1.50 0.70 1.88
H-47-U 3.28 4.00 2.70 5.23
H-47-F 3.53 3.70 2.10 4.73
H-20-U 1.31 2.09 1.58 0.90 5.63
H-20-F 1.43 2.24 1.90 1.40 5.61
H-66-U 10.00 23.00 9.30 14.60
H-66-F 10.00 22.80 9.10 14.70
H-5-U 2.18 5.00 2.60 6.87
H-5-F 1.60 5.00 2.60 4.51
P-81-U 0.21 0.20 0.40 1.83
P-81-F 0.10 0.40 0.40 2.01
H-26-U 0.31 0.90 1.10 1.53
H-26-F 0.40 0.40 1.20 0.32
GEARBOX-U 0.43 1.85 0.20 0.70 0.52
GEARBOX-F 0.43 1.81 0.70 0.32
H-24-U 2.51 5.20 2.60 2.72
H-24-F 2.48 4.70 2.80 1.98
H-55-U 10.60 12.70 23.00 9.20 19.10
H-55-F 10.80 12.66 22.00 9.10 14.50
P-111-U 0.68 0.40 0.40 1.21
P-ill-r 0.58 0.50 0.40 1.10
H-67-U 0.21 0.30 0.30 2.23
H-67-F 0.10 0.30 0.30 1.92
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TABLE B-1 COMM'

PST/
OIL # ICF ICP AN135 ANNIA lPlL DCP ADM Aft

P-110-U 1.00 0.40
P10T1.00 0.40

ARKY HZL.-U 1.54 0.10 0.80
ARMY HIL.-r 1.26 0.20 0.80
H-12-U 2.23 3.49 4.90 1.70 5.83
H-12-r 2.28 3.52 4.80 1.70 4.81
G3ARBOX-U 0.21 1.71 0.29
GEABBaOX-F 0.53 1.91 0.20 0.18
H-30-u 2.56 3.30 4.40 1.60 7.28
H-30-F 2.83 2.93 4.60 1.70 4.21
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TABLE B-1 CONT'D

COPPER (Cu)

PST/OIL # ICP ICP AE/35 AE/JA PI4A DCP ADM AA

P-71-U 3.90 1.54 2.70 3.14 7.80P-71-r 2.92 1.66 2.80 2.33 2.81F-5-U 0.54 1.00 0.80F-5-7 0.47 1.00 0.20
H-84-U 1.53 1.46 2.70 1.34 1.60
H-84-F 1.55 1.39 2.70 1.20 1.64F-41-u 1.87 5.00 1.74 2.54F-41-F 1.80 5.00 1.79 2.23H-13-u 0.54 1.00 0.53 0.20H-13-F 0.51 1.00 0.47 0.31H-61-U 3.68 9.00 4.06 5.28R-61-F 3.83 9.00 4.11 5.08P-43-u 2.43 2.94 4.00 2.28 2.83P-43-F 2.43 2.74 4.00 2.18 2.64H-6-u 4.24 4.51 10.00 4.44 5.84
H-6-F 4.08 4.39 10.00 4.03 4.41H-54-U 1.44 2.06 3.10 1.72H-54-F 1.51 1.96 2.90 1.52 1.83
P-108-u 1.20 3.00 1.10 2.31
P-108-F 1.17 3.00 1.14 2.44
NAVY COu. - 0.44 0.40 0.80 0.42 0.41NAVY CON.-F 0.45 0.41 0.70 0.45 0.35H-89-U 2.88 3.41 5.70 2.92 3.82H-89-F 3.00 3.28 5.60 2.92 3.81H-47-U 7.23 8.30 5.83 10.80H-47-F 7.87 8.30 5.57 11.50H-20-u 6.87 5.97 12.70 5.93 8.83H-20-F 6.26 5.88 11.60 5.55 7.08H-66-U 1.91 3.60 1.56 2.53
-66-F 1.92 3.60 1.55 2.03

H-5-U 1.23 2.00 0.80 1.00
H-5-F 1.20 3.00 0.85 1.00
P-81-U 1.52 3.30 1.25 1.63P-81-F 1.43 3.00 0.97 1.611-26-U 0.61 0.80 0.37 0.10H-26-F 0.61 0.80 0.37 0.23GEARBOX2-U 4.30 5.21 8.90 4.21 4.81GEARBOX2-F 4.31 5.22 8.00 4.54 4.00H-24-U 0.60 0.80 0.33 0.51H-24-F 0.57 0.60 0.31 0.721-55-u 8.83 7.21 14.00 8.58 13.90H-55-F 8.83 7.09 14.00 8.41 11.50P-111-U 1.08 1.80 0.70 1.00P-Ill-F 1.07 1.80 0.72 0.88H-67-U 5.61 11.50 4.83 6.10M-67-F 5.53 11.00 4.73 6.07
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TASZI 3-1 COMT'D

PST/
OIL # ICP ICR £5/35 AMN PmM DCP ADM A&

P-110-V 0.61 1.00 0.60 0.51

P-110-F 0.62 1.00 0.59 0.42

ARMY HZL.-U 1.20 1.22 2.30 1.28 1.00

ARMY HKL.-r 1.31 1.21 2.50 1.21 0.98

H-12-U 10.60 9.46 18.30 7.80 11.10

H-12-F 10.50 9.33 19.30 7.51 11.60

GZARBOX1-U 4.21 4.89 7.90 5.41

GEARDOXi-r 4.21 5.00 8.10 4.22

H-30-u 5.83 5.90 11.50 5.14 6.91

H-30-F 5.87 5.91 11.50 5.21 7.38
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TABLE B-i CONT'D

SILICON (Si)

PST/
OIL # ICP ICP AE/35 Az/JA PUmA DCP ADM AA

P-71-U 0.83 0.66 0.60 1.56 0.40
P-71-F 0.71 0.62 0.90 0.99 0.12
F-5-U
F-5-F
H-84-U 26.70 20.92 26.90 22.90 29.32
H-84-F 23.60 20.50 27.10 21.40 25.83
F-41-U 0.60 1.00 0.81 0.43
F-41-F 0.64 1.00 0.68 0.32
H-13-U 1.01 3.00 1.25 0.71
H-13-F 0.81 3.00 1.20 0.52
H-61-U 2.87 6.00 3.80 4.10
H-61-F 3.10 7.00 3.79 3.88
P-43-U 1.21 1.87 3.00 1.75 2.84
P-43-F 1.00 1.63 6.00 1.52 0.71
H-6-U 1.58 1.77 3.00 2.48 1.61
H-6-F 1.51 1.72 3.00 1.86 1.78
H-54-U 9.71 12.54 13.60 13.60
H-54-F 10.00 13.02 14.20 9.57 11.64
P-108-U 0.52
P-108-F 1.00 0.39
NAVY COt.-U 0.12 0.57 0.80 0.59
NAVY COM. -F 0.28 0.51 0.80 0.62
H-89-U 5.03 7.11 10.90 5.37 6.06
H-89-F 4.88 6.46 11.60 4.90 6.41
H-47-U 0).81 1.20 0.64 0.53
H-47-F 1.00 1.30 1.07 0.38
H-20-U 1.68 1.78 4.00 1.61 1.18
H-20-F 1.51 1.71 7.10 0.16 0.63
H-66-U 4.81 7.00 4.12 8.21
H-66-r 4.93 7.00 3.69 6.93
H-5-U 1.86 4.00 2.21 2.06
H-5-F 1.72 7.00 1.86 1.78
P-81-U 1.10 4.20 1.38 0.81
P-81-F 0.70 3.40 0.97 0.73
H-26-U 0.20 0.90 0.17
H-26-F 0.43 2.80 0.17
GZARBOX2-U 0.31 0.98 1.20 0.67
GZEABOX2-F 0.32 0.98 2.20 0.69
H-24-U 0.63 1.70 0.17
H-24-F 0.58 2.50 0.17
H-55-U 4.32 5.64 8.00 4.39 5.73
H-55-F 4.32 5.20 7.00 4.43 5.21
P-111-U 0.38 0.50 0.66 0.10
P-111-F 0.37 1.90 0.67 0.18
H-67-U 1.93 2.40 1.66 2.01
H-67-T 1.62 2.40 1.59 2.31
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TABLI B-i COUTD

PST/
OIL # IC? IC? AI35 A/ISA PlMM DCP 1k A&

2-110-U 2.00 0.56
2-110-r 2.00 0.51
, XT fZL.-U 2.63 2.03 2.90 1.92 1.73
AREY HZL.-F 2.01 1.96 2.80 1.84 0.72
H-12-U 1.52 1.37 2.50 1.38 0.42
H-12-r 1.21 1.39 2.70 1.10 1.03
GKAIDOX-U 0.42 0.92 1.00
GZAMOX-V 0.48 0.92 1.20 1.63
H-30-V 1.41 1.68 1.70 1.94 0.10
H-3-r 1.61 1.56 4.70 1.50 1.28
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TABLE B-1 CONT'D

SILVER (Ag)

PST/
OIL # ICP ICP AE/35 AX/JA PUMA DCP ADM AA

P-71-U 0.14 1.23
P-71-F 0.69
F-s-U
F-5-F
H-84-U 0.11 0.20
H-84-F 0.20
F-41-U
F-41-F 1.00
H-13-U
H-13-F
H-61-U
H-61-F
P-43-U 0.23 0.53 1.00 0.20
P-43-F 0.28 0.43 1.00 0.20
H-6-U 1.21 0.75 3.00 1.71
H-6-F 1.11 0.72 3.00 1.28
H-54-U 0.28 0.40
H-54-F 0.26 0.40
P-108-U 1.00
P-108-F 1.00
NAVY COM.-U 0.11 0.30
NAVY COM.-F 0.11 0.10
H-89-U 0.81 1.05 1.80 1.42
H-89-F 0.80 1.07 2.10 1.28
H-47-U
H-47-F
H-20-U 1.12 0.59 1.60 1.47
H-20-F 0.81 0.56 1.30 0.88
H-66-U 0.32 0.70 1.03
H-66-F 0.31 0.70 0.43
H-5-U 0.52 1.00 0.78
H-5-F 0.38 2.00 0.68
P-81-U
P-81-F 0.10
H-26-U 0.31 0.90 0.21
H-26-F 0.28 0.80 0.22
GEARBOX2-U 0.10
GEARBOX2-F
H-24-U 0.44 0.90 0.43
H-24-F 0.38 0.80 0.31
H-55-U 0.14
H-55-F 0.13
P-111-U 0.58 1.20 1.00
P-111-F 0.63 1.20 0.87
H-67-U 0.10
H-67-F 0.10
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TARLB 8-1 CONiT'D

PST/

OIL # ICP ICP A5/35 5/JlA PIMlA DCP WA A

P-110-U 0.18 1.00 0.21

P-110-r 1.00

ARMY HZL.-U 0.10

AM HZL.-F

R-12-U 0.13 0.20 0.30 0.10

H-12-r 0.13 0.18 0.20

G3£DDOX-U

GEARsoX-F
H-30-U 0.17 0.30

1-30-F 0.16 0.20
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TABLE B-1 CONT'D

MAGNESIUM (Mg)

PST/
Oil # 1CP ICp AE/35 AE/JA PWMA DCP ADM AL

P-71-U 2.33 1.66 3.20 2.25 2.33
P-71-F 2.14 1.79 3.30 1.82 2.01
F-5-U 6.30 14.00 6.10
F-5-F 6.40 14.00 5.87
H-84-U 0.53 0.50 0.50 0.50 0.53
H-84-F 0.42 0.39 0.40 3.90 0.42
F-41-U 5.78 16.00 5.13 7.71
F-41-F 5.51 16.00 5.18 7.07
H-13-U 0.73 2.00 0.76 0.91
H-13-F 0.81 2.00 0.71 0.82
H-61-U 17.38 40.00 16.73 24.20
H-61-F 17.81 40.00 16.34 23.30
P-43-U 0.27
P-43-F 0.12
H-6-U 7.80 8.39 21.00 7.29 10.61
H-6-F 7.67 8.53 21.00 7.12 7.73
H-54-U 6.51 8.51 17.40 9.61
H-54-F 6.71 8.40 16.40 6.34 8.60
P-108-U 20.60 45.00 15.92 27.90
P-108-F 20.90 42.00 17.64 27.90
NAVY COK.-U 3.35 3.25 8.10 4.49 4.80
NAV COK.-F 3.44 3.40 8.60 5.18 4.51
H-89-U 8.51 10.56 19.20 8.58 12.00
H-89-F 8.60 10.20 19.10 8.53 12.36
H-47-U 6.41 8.90 5.59 9.21
H-47-F 6.81 9.10 5.21 9.52
H-20-U 1.73 1.80 4.80 1.38 1.86
H-20-F 1.68 1.78 4.80 1.43 1.65
H-66-U 0.92 1.90 0.83 1.63
H-66-F 0.91 1.90 0.80 1.01
H-5-U 0.22 0.29 0.21
H-5-F 0.21 0.23 0.23
P-81-U 0.54 1.20 0.49 0.83
P-81-F 0.43 1.20 0.34 0.51
H-26-U 0.62 1.30 0.59 0.68
H-26-F 0.65 1.20 0.56 0.73
GEARBOX2-U 1.04 1.36 2.40 1.20 1.21
GEARBOX2-F 1.00 1.37 3.00 1.26 1.01
H-24-U 0.88 2.00 0.76 0.81
H-24-F 0.87 2.20 0.77 0.87
H-55-U 0.71 0.93 2.00 0.81 1.00
H-55-F 0.71 0.89 2.00 0.80 1.10
P-111-U 0.21 0.19 0.51
P-111-F 0.20 0.19 0.51
H-67-U 2.93 6.60 2.41 3.01
H-67-F 2.82 6.40 2.34 3.03
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TBL 3-1 COICLUDUD

POT/
OIL # IC ICl? A/35 AM/IA ?US DC, AnM AL

P-110-V 4.23 12.00 3.74 4.82

P-110-v 3.87 12.00 3.72 4.66

ARMY H3L.-U 1.21 1.31 2.40 1.35 1.42

AIM IML.-F 1.10 1.21 2.40 1.36 1.03

B-12-U 0.83 1.10 1.60 0.50 1.08
0 1-12-V 0.61 0.93 1.80 0.57 0.71

GsARDOXl-U 1.08 1.29 2.20 1.03

G3ARDOX1-F 1.06 1.34 2.20 0.66

1-30-U 1.08 1.15 2.70 1.03 0.81

H-30-r 1.13 1.14 2.60 0.95 1.20
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APPENDIX C

SPECTROMETRIC OIL ANALYSIS DATA FOR SOAP MONITORING SAMPLES

Appendix C contains all A/-35U analyses and ICP analyses conducted on 484

samples taken from 9 type engines, 2 transmission systems and 2 gearbox

systems during the course of this program.
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